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ABSTRACT

CELLULAR RESPONSES IN ESCHERICHIA COLI
TO LETHAL AND SUB LET HAL DOSES OF OZONE
by
Indira Ruth Komanapalli

Ozone is a major component of photochemical smog. High levels of this pollutant.
sufficient to affect human health are found in many urban areas worldwide. Though
limited studies in humans are supported by extensive findings from animal experiments, a
difficulty in interpreting the results of these experiments has lead to an ambiguity on the
biochemical mechanism of ozone toxicity. To elucidate the mechanism by which ozone
causes cell damage and eventual cell death we conducted a comprehensive study using
Escherichia coli K-12 as a model.
Studies on the comparative inactivation of bacteriophage lambda (X), Escherichia
coli, and Candida albicans showed that X was significantly more sensitive to ozone, in
buffered solutions. The quenching effect of antioxidants in body fluids decreased the
inactivation rate of X. Short interval exposure of E. coli K-12 transformed with
pACYC184 plasmid DNA resulted in protein and nucleic acid leakage and production of
thiobarbituric acid reactive substances, without affecting cell viability. The intracellular
components, protein and plasmid DNA, remained intact. The enzymes malate
dehydrogenase, lactate dehydrogenase and glutathione disulfide reductase were
unaffected, while glyceraldehyde-3-phosphate dehydrogenase activity decreased

significantly. Glutathione and total sulfhydryl compounds were also very sensitive to
ozone oxidation. With longer duration of ozone exposure cell viability decreased with a
more significant increase in lipid oxidation and protein and nucleic acid leakage. The total
intracellular proteins and plasmid DNA showed progressive degradation corresponding to
the decrease in cell viability.
Cell survival, induction of lipid oxidation and intracellular protein and DNA
damage in two strains of E. coli K-12 (recA and wild type) were shown to be equally
susceptible to ozone. Rec A protein levels decreased subsequent to ozone exposure
indicating that this enzyme is not involved in the DNA repair process after ozone-induced
damage. The membrane components are the primary targets of ozone damage with
subsequent reactions involving the intracellular components, protein and DNA. The
sulfhydryl groups of cytoplasmic components are preferentially oxidized by ozone. E. coli
therefore offers a convenient model system for studying short- and long term ozoneinduced cellular damage.
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CHAPTER 1
INTRODUCTION
Historical Perspectives
The discovery of ozone is intrinsically entwined in the evolution of the earhest
concepts in chemistry. Priestly and Cavendish noted that electrical sparks fired in a closed
volume of air resulted in volume compression (Ihde, 1964; Partington, 1962). In 1785,
Martinus Van Marum, subjecting oxygen to electrical discharges, noted “the odor of
electrical matter." In 1840, Schonbein repeated these experiments, concluded that this
odor was due to a gas which he named ozone, from the Greek ozein (odorant), and
described several of its properties (Schonbein, 1869). Numerous researchers since that
time have worked to elucidate the nature and actions of ozone. Mariniak and Delarive
showed that it is an allotropic form of oxygen, and Mulliken and Dewar clarified its
molecular structure (Razumovski and Zaikov, 1984). In the latter part of the nineteenth
century, ozone was found to oxidize a spectrum of organic compounds. Chemists made
use of these properties to study complex molecules by cleaving them into smaller
fragments. Harries, by such methods, discovered the structure of natural rubber
(Razumovski and Zaikov, 1984). In 1886, De Meritens noted a reduction in the number
of microorganisms after ozonation, and the bactericidal effect of ozone was confirmed by
Ohlmuller in 1890. The ability of ozone to destroy toxic or noxious industrial impurities
(phenols, cuanides, tetraethyllead, etc.) and to inactivate bacterial contaminants in sewage
has made it an attractive alternative to chlorination.
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Wiesbaden (Germany) became the first city to use ozonation for purification of its drinking
water (1901) followed by Zurich, Florence, Brussels, Marseille, Singapore, Moscow and
Los Angeles, among others.
Natural and Environmental Sources
Ozone is one of the more active forms of oxygen, and an important natural
constituent of the atmosphere (Cadle and Allen, 1970). It is concentrated in the
stratosphere at altitudes of 15 to 25 km, where it is formed continuously when molecular
oxygen absorbs ultraviolet (UV) radiation in the range of 240 to 300 nm and is converted
to atomic oxygen (O), which in turn, recombines with molecular oxygen (02) to form 03:

o2
o + o2

hv-

> 20 (a)

>o3 (b)

Since ozone itself absorbs UV radiation from 200 to 300 nm, a partial reversal of reaction
(b) takes place, leading to a steady-state concentration of approximately 2.0 ppm in the
stratosphere (Cadle and Allen, 1970; National Research Council, 1976). Some of the
ozone finds its way to the trophoshere and contributes to background ozone in all regions
of the atmosphere. Background levels of ozone in the lower atmosphere are determined
by a variety of geographic factors: climatic conditions (e.g. lightning, a contributor of
stratospheric ozone); elevation (lower ozone at sea level); and solar radiation, which
mediates photochemical reactions, involving other atmospheric pollutants, such as
nitrogen oxides and hydrocarbons (Cadle and Allen, 1970; National Research Council,
1976). An abbreviated scheme for its production and consumption is shown here:

3

no2

hv-

> O + NO

02 + O + ‘M’

> 03 + ‘M’

03 + NO

■> N02 + o2

The oxygen atoms produced by photolysis of N02 react with molecular oxygen to produce
ozone. ‘M’ represents a third non-reactive component, e.g. N2 and 02, which serves to
dissipate energy released from this reaction. Ozone can then react with nitric oxide (NO)
to reform N02 and 02. The net result of this process is the generation of heat from
sunlight with no buildup of ozone. However, in the presence of other primary pollutants
such as hydrocarbons from automobile exhaust this scheme is altered resulting in ozone
buildup.
While stratospheric ozone spares the earth from excess solar UV radiation
(National Research Council, 1977), high levels of atmospheric ozone are toxic and present
a health hazard to plants, animals and man (World Health Organization Report, 1979; Lee,
Mustafa and Mehlman, 1983). Ozone is considered to be the most toxic component in the
photochemical smog that pervades most major urban centers in the world. Excess
environmental exposure to ozone can result from a variety of sources (Table 1). Ozone is
a key component in oxidant smog derived from hydrocarbons, nitrogen oxides, and
sunlight (National Research Council, 1977, 1992), and is also present in the vicinity of
high electric voltage equipment during operation (Stokinger, 1965). Indoor sources of
ozone include electrostatic devices, such as air purifiers and ion generators, and office
equipment with electric motors or ultraviolet fights, such as photocopy machines and
sterilizing lamps.
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Table 1. Determinants of Ozone Toxicity

Determinants of Ozone Toxicity
Geographic Determinants (National Research Council, 1977)
Elevation
Radiation
Climate Conditions
Environmental Factors (National Research Council, 1977)
Smoking (Tobacco smoke components)
Contact with Environmental pollutants (smog, S02, N02)
Proximity to commercial sources of ozone (Stokinger, 1965)
mercury vapor lamps, x-ray machines,
UV sources, electric arcs,
_____ linear accelerators, welding operations____________

5

Figure 1. Number of people living in counties with measured air quality above primary
National Ambient Air Quality Standards. Figures are based on 1990 county population
data and 1991 air quality data. Reproduced from Document No. 450-12-92-001 of the
U.S. Environmental Protection Agency Office of Air Quality Planning and Standards.
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Number of Persons Living in Counties with Air
Quality Levels Above the primary National
Ambient Air Quality Standards in 1991
pollutant

millions of persons
Based on 1990 population data and 1991 air quality data.
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Despite uncertainties about the range of indoor concentrations, population exposure
models have predicted widespread population exposures to ozone (Lurrmann, et al. 1990).
Natural sources, such as trees, may contribute volatile organic compound precursors as
well.
The selection of an individual pollutant for regulation or study is based on the
demonstration that it is widespread (Figure 1) and the judgement that its toxicological
properties make it a candidate for causing adverse health effects. The United States
Environmental Protection agency (EPA) has classified ozone as a pollutant and has
established a National Ambient Air Quality Standard (NAAQS) of 0.12 ppm averaged
over 1 hour (not to be exceeded more than three times in 3-yr period). However, during
the summer of 1988, meteorologic conditions conducive to the formation of ozone caused
exceedances in many cities, raising estimates of the exposed population to 135 million
people (Friedman, 1989). In 1989, 67 million people lived in areas that were in
nonattainment of the standard. In 1991, 69 million people in the United States lived in
counties that violated the NAAQS for ozone (Figure 2) (U.S.Environmental Protection
Agency, 1991). Consequently, significant scientific effort has been put into study of the
toxic effect and some useful applications of ozone.
Bioreactivity
At present there is little consensus among those who study the interaction of ozone
with biological systems as to a common molecular machanism underlying its toxicity.
Studies are available, both in vivo and in vitro, that give evidence for ozone’s reaction
with unsaturated fatty acids, amino acids and proteins, intracellular non-protein sulfhydryl

8

Figure 2. Distribution of ground level ozone (03) air pollution in the United States, based
on 1991 data. Shown are the highest second daily maximum Ih average ozone
concentrations by metropolitan statistical area. The dotted line indicates the primary
National Ambient Air Quahty Standard of 0.12 ppm (Ih average, not to be exceeded more
than three times in 3 years). Reproduced from Document No. 450-12-92-001 of the U.S.
Environmental Protection Agency Office of Air Quahty Planning and Standards.
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compounds, nucleotide coenzymes, and DNA. Studies with well-defined model systems
show that ozone toxicity derives from more than one of these reactions, but as yet a
theory of toxicity incorporating all these reactions has not been formulated.
Much of the work done toward detailing the molecular basis of ozone toxicity has
focused on its reaction with the double bonds of unsaturated fatty acids which exist for the
most part within the lipid bilayer of biological membranes. Reports in the literature vary
considerably with regard to the occurrence of fatty acid oxidation in biological systems
exposed to ozone. The reaction of ozone with unsaturated fatty acids has been well
studied using model membrane systems and purified fatty acids. There are conflicting
reports, however, as to the mechanism of oxidation. Pryor et al. (1976) favor lipid
peroxidation as the result of ozone’s reaction with unsaturated fatty acids, whereas others
consider the scheme of classical ozonolysis as described by Criegee (1957) to be the
mechanism of choice ( Heath, 1978; Mudd and Freeman, 1977; Roehm et al. (1971).
With either mechanism the end result is the initiation of oxidation of polyunsaturated fatty
acids present mainly in the cell membrane. The peroxides and secondary reactive oxygen
species produce their toxicity by damaging the integrity of the cell membrane and other
cellular molecules (Borek and Mehlman, 1983; Goldstein et al. 1969; Pryor et al. 1991).
An important consideration when discussing the molecular basis of ozone toxicity is that
unsaturated fatty acids exist largely within the hydrophobic interior of the lipid bilayer and
would not be expexted to be readily available for reaction with a highly polar compound
such as ozone.
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Membrane proteins, on the other hand, can occupy a hydrophilic environment and are thus
better suited for reaction with ozone. In vitro, certain protein residues have been shown to
be highly reactive to ozone.
Giese et al. (1952) studied the effects of ozone on egg albumin, serum albumin,
and serum globulin and found a decrease in the absorbance at 280 nm. This was attributed
to oxidation of tryptophan as similar spectral changes were observed when this amino acid
was reacted with ozone. Mudd et al. (1969), studied the reaction of ozone with amino
acids in aqueous solution. Their results showed that cysteine was most reactive followed
by methionine and tryptophan. The following amino acids were less readily oxidized tyrosine, histidine, and cystine; and the least ozone-susceptible amino acid is
phenylalanine. Menzel (1971), found certain biologically active reducing compounds and
the -SH requiring enzymes papain and glyceraldehyde-3-phosphate dehydrogenase to be
sensitive to ozone oxidation. Use of human erythrocytes as an in vitro system has
demonstrated ozone’s ability to oxidize protein (Freeman and Mudd, 1981; Goldstein and
McDonagh, 1975). Several enzymes of intermediary metabolism (Mustafa and Tierney,
1978), glutathione recycling (Chow et al. 1976), xenobiotic metabolism (Takahashi and
Miura, 1987), and antiproteinase function (Johnson, 1980) have been shown to be altered
or inactivated by ozone in vivo and in vitro. Ozone reacts with glutathione, ascorbate.
and uric acid (Cross et al. 1992), which are present in airway surface liquid and may thus
serve a protective, function (Hatch et al. 1993). Vitamin E, a dietary antioxidant, is a
protective agent in ozone toxicity (Chow, 1981). It is thus plausible that both mechanisms
lipid and protein oxidation prevail upon ozone exposure and may be interrelated.
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In addition to its reaction with fatty acids and proteins, ozone is known to oxidize
nucleic acids (Ishizaki et al. 1984), and react preferentially with thymine and guanine
residues (Sawadaishi et al. 1985, 1986). The reaction of ozone with nucleic acids has led
many researchers into studies of its possible mutagenic properties. In lungs the DNA
damage and alteration of repair enzyme function may alter DNA-binding motifs, and
proteins specific to those sequences. As a consequence, the transcription regulation of
collagen may affect pulmonary tissue remodeling (Steinberg et al. 1990). Studies
assessing the genotoxic effects of ozone exposure in microorganisms, plants, animals and
humans, summarized by Victorin, (1991) appear contradictory. Ozone is genotoxic to
microorganisms, plants and cell cultures in vitro. The results from in vivo cytogenetic
studies with laboratory animals after inhalation exposure are contradictory. Chromosome
aberrations in lymphocytes have been demonstrated in Chinese hamsters but not in mice.
Chromatid deletions were induced in pulmonary macrophages in rats, however, no
cytogenetic effects have been reported for bone marrow cells or spermatocytes. The few
experimental and epidemiological studies with human subjects do not allow a conclusion
on the cytogenetic effects of ozone in human lymphocytes. No life-long cancer studies
have been performed with ozone. However, after long-term inhalation exposure, lung
adenomas were induced in strain A/J mice, but not in Swiss-Webster mice. A diverse
array of genotoxic effects have been demonstrated to be related to ozone exposure,
although data about each individual effect are limited at present.
Significant work has been done on the toxic effect of ozone on plants and is
referred to in appropriate reviews (Heath, 1980; Mudd and Kozlowski, 1975).
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The quality of crop production has been shown to decrease due to the presence of ozone
as an air pollutant (Heath, 1987). A brief review of animal and human studies on ozone
toxicity will be discussed. The prevalence of chronic obstructive pulmonary diseases and
respiratory cancers in developing countries with high levels of air pollution indicates that
long-term exposure to ambient air pollution may contribute to these disorders (Gong,
1992). Research in this field has covered a wide range of subjects from exposure to
human volunteers to molecular studies involving ozone’s reaction with purified cellular
components. Available data (Bascom et al. 1996) indicate that ozone exposure results in
pulmonary inflammation, epithelial cell damage, and increased epithelial and vascular
permeability. The principal effects of chronic ozone exposure in animals are lesions in
respiratory bronchioles, localized deposition of collagen, and remodeled bronchiolar
space. More severe degrees of injury are accompanied by restrictive impairments in
airflow. Characterization of the early cellular and molecular events are important to the
understanding of the mechanisms involved in the development of chronic lung diseases.
Animal studies of chemical, biochemical and morphologic responses of the respiratory
system suggest that the response of the lung to ozone is a dynamic one, involving a
complex cascade of events. Hence it is important to consider all the complexities involved
in extrapolating results of animal and human experiments.
The effect of ozone on microorganisms has received much attention because of its
use as a potent microbicidal agent in sewage-disposal plants (Borek and Mehlman, 1983;
Katzenelson and Biedermann, 1976), for potable and waste water disinfection (Glaze,
1987), and preservation of food (Rice et al. 1982). Ozone could also be used to sterilize
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biological safety cabinets (Akey, 1988) and in the decontamination of bioclean rooms
(Masaoka et al. 1982). It is widely used for degradation of industrial impurities from
waxes, textiles, oils and inorganic synthesis (Borek, and Mehlman, 1983). The
inactivation kinetics of viruses and bacteria in water by ozone was studied (Katzenelson et
al. 1974). Escherichia coli is used as a marker strain from ozonated water (Finch et al.
1987). Early studies by Scott and Lesher (1963) on E. coli, suggested that the primary
attack of ozone is on the cell membrane with subsequent oxidation of cellular material
released upon cell lysis. It was observed that the residual activities of alkaline phosphatase
and |3-galactosidase decreased along with the survival of E. coli (Takamoto et al. 1992).
In vivo induction and inactivation of catalase and superoxide dismutase of E. coli by ozone
suggests an adaptive response evolved to protect cells against ozone toxicity (Whiteside
andHassan, 1987).
Hamelin and Chung (1974) found that ozone induces forward mutations in an
E.coli K-12 methionine- and maltose requiring strain MQ259. Ozone also induces
forward mutations in a wide range of genes responsible for the nutritional properties of
E.coli, sensitivity to UV light and formation of capsular polysaccharide (Hamelin and
Chung, 1975). The sensitivity ofpolA strain of E. coli to ozone toxicity indicates that
DNA polymerase I is involved in the repair of ozone-induced lesions to DNA (Hamelin et
al. 1977; Hamelin and Chung, 1978; L'Herault and Chung, 1984). After testing for
streptomycin-resistant mutants in different strains of E. coli defective in DNA repair, it
was suggested that ozone may be able to induce mutations both directly and indirectly
through the rec-lex error-prone repair mechanism ( L'Herault and Chung, 1984). Ozone
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was also found to degrade plasmid DNA in aqueous solution and in situ (Hamelin and
Chung, 1985; Ishizaki et al. 1987). Comparative toxicity studies with different DNA
rep air-deficient mutant strains of Bacillus subtilis (Song and Chung, 1983), indicate that
the rec A and rec C loci to be important for the repair of ozone-induced DNA damage.
Ozone appeared to be a weak mutagen in the yeast Saccharomyces cervisiae (Dubeau and
Chung, 1982), and permeabilization of yeast cells preceeds the inactivation of cytosolic
enzymes (Hinze et al. 1987). However, only a slight or no mutagenic effect could be
demonstrated in Salmonella (Dillon et al. 1992; Shepson et al. 1985; Victorin and
Stahlberg, 1988).
The work presented in this dissertation derives from a need to understand the
details of ozone’s reaction with molecules that comprise biological systems, a necessary
beginning if one is to fully understand the consequences of exposure to this pollutant. The
interpretation of the data obtained above from in vivo and in vitro ozone exposures is
often hampered by the structural complexity of the systems being studied as well as by a
variety of adaptive responses resulting from the exposure. It seems appropriate to first
study and understand the effects of ozone on simpler model systems such as the bacterium
Escherichia coli. The information obtained from such studies can then be used in the
interpretation of the more complex in vivo data. From these studies a working hypothesis
was developed for observing the cellular responses to lethal and sub-lethal doses of ozone
on E. coli. The primary oxidative event would be expected to be reaction with the
membrane. The targets could be both the phospholipids and proteins. Secondary
oxidative events such as reactions with residues inside the cytoplasm may also play a role
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in changes in intracellular components and eventual inactivation. Possible effects on
nucleic acids may contribute to inactivation as well. Extensive inhalation studies in
animals and humans have shown that the primary site of ozone attack is the lung. While
acute exposures to very high concentrations of ozone result in severe lung injury or death.
the consequences of exposure to lower concentrations, such as those typically found in
polluted air, are not so readily apparent.
E. coli is also used as an indicator organism for fecal contamination in sewage
systems and in the disinfection process of water. Hence findings of this research could be
used to design strategies and experimental protocols to study effects of ozone at lower
doses important for plants and animals in air pollution studies, and at higher doses for
disinfection studies. Ozone is like a double-edged sword with potential for beneficial and
harmful effects. The present study was initiated primarily to examine the comprehensive
effects of ozone on bacteria. This work may have its greatest significance in its use as a
model for the future examination of cellular changes to short-term and long-term ozone
exposures. Additionally, it was felt that the investigation would permit a determination of
the earhest events in the toxicity of ozone.

CHAPTER 2
MATERIALS AND METHODS

A.

Materials
1.

Media

L broth consisted of lOg of Bacto Tryptone (Difco, Detroit, Michigan), 5 g of
Yeast Extract (Difco), 5 g ofNaCl and 1 g of dextrose per liter. Additionally, 15 g (1.5%
[wt/vol]) of Bacto Agar (Difco) was added for L agar plates. For phage titration, 10 g
(1% [wt/vol]) of Bacto Agar (Difco) was used instead. L broth with maltose (0.4%
[wt/vol]) substituted for dextrose was used for plating phage X.
Top agar consisted of 1.5 g of Bacto Agar (Difco) (0.75% [wt/vol]) and 100 ml of
water. One milliliter of 1 M CaCl2 (final concentration 10 mM) and 1 ml MgS04 (final
concentration 10 mM) was added for effective phage attachment.
SOC medium (Bio Rad Laboratories, Richmond, California) was used for
electroporation and consisted of 2% Bacto Tryptone, 0.5% Bacto Yeast extract, 10 mM
NaCl, 2.5 mM KC1, 10 mM MgCl2, 10 mM MgSD4 and 20 mM glucose.
All media were sterilized by autoclaving in a Vemitron Vema-Clave Sterilizer
(Vemitron Medical Products, Inc., Carlstadt, N. J.) at 120°C and 15 psi for 30 to 45 min.
Sterilized media were cooled to 50°Cto 55°C before the addition of antibiotic.
The antibiotic chloramphenicol was added to 1.5% L agar or L broth to a final
concentration of 40 pg/ml.
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The stock antibiotic solution was made by dissolving the powder in ethanol/water (3:1)
which was then filtered through a 0.45 jam HA filter (Millipore, Bedford, Massachusetts)
and stored at -4°C for up to two weeks.

2.

Buffers
a.

Bacterial and phage buffers

B buffer, used routinely for bacterial and phage dilutions, contained 3 g of
KH2P04, 7 g of NaH2P04, 4 g of NaCl and 0.2 g of MgS04 per liter.
SM buffer consisted of 5.8 g of NaCl, 2.0 g of MgSO4.7H20, 50 ml of 1M TrisHC1 pH 7.5 and 5 ml of a 2% (wt/vol) gelatin solution per liter.

b.

Buffers for DNA analysis

Tris-EDTA (TE) buffer pH 8.0 (Maniatis et al. 1982), consisting of 10 mM TrisHC1 and 1 mM EDTA (ethylenediamine-tetraacetate), was autoclaved and then used to
dissolve DNA.
The stock solution of 40X Tris-acetate EDTA (TAE) buffer (Davis et al. 1986)
contained 193.6 g of Tris base (1.6 M), 65.6 g of anhydrous sodium acetate (0.8 M),
13.5 g of anhydrous EDTA-Na2 (40 mM) per liter. The pH was adjusted to 7.2 with
approximately 50 ml of 12.1 M (37.2%) HC1. Gel electrophoresis buffer (IX TAE)
contained 100 ml of 1 OX TAE and 25 jul of 10 mg/ml ethidium bromide (final
concentration 0.25 pg/ml) per liter.
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Loading buffer for visualizing DNA migration on agarose gels consisted of a 6X
concentrated stock solution with 0.25% (wt/vol) bromophenol blue and 30% (wt/vol)
glycerol in water. This was diluted 1:5 when preparing DNA samples for gel
electrophoresis.
A 5X concentrated solution for stopping restriction enzyme reactions consisted of
0.25% (wt/vol) bromophenol blue and 25% (wt/vol) glycerol and 100 mM EDTA. This
was diluted 1:4 to stop an enzyme digestion when preparing DNA samples for gel
electrophoresis. Restriction enzyme reaction buffers were provided by the manufacturers
as 10X stock solutions and were diluted accordingly.

c.

Buffers for Western Analysis

Transfer buffer contained 3.03 g (25 mM), 14.4 g glycine (192 mM), and 200 ml
methanol (20%) per liter ddH20. The pH in the solution was adjusted to 8.1-8.4.
The stock solution of 10X Tris buffered saline (TBS) contained 20 mM Tris (Tris
Hydroxymethyl Aminomethane) and 500 mM NaCl, pH 7.5. 100 ml of 10X TBS was
added to a one liter bottle and the volume was made up to 1.0 liter with ddH20.
The wash solution (TTBS) contained 20 mM Tris, 500 mM NaCl and 0.05%
Tween-20 (350 pi Tween-20 in 700 ml of IX TBS) with pH adjusted to 7.5.
The blocking solution consisted of 3 g of gelatin in 100 ml of IX TBS. The
mixture was heated to 50°C with stirring until the gelatin dissolved (3% gelatin in TBS).
Gelatin (2 g) was added to 200 ml of TTBS and heated with stirring to 50 °C until
dissolved to make the antibody buffer (1% gelatin in TTBS).
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B.

Methods
1.

Ozone Exposure

Ozone was generated by subjecting an oxygen stream to irradiation with U. V light
using an ozonizer (Ultraviolet Products Inc., San Gabriel, California). The concentration
of ozone output was determined by bubbling the oxygen/ozone mixture through a 5 ml
solution of 0.06 M potassium iodide buffered with 0.04 M phosphate, pH 7.0. Iodine
forms stoichiometrically with the amount of ozone reacted and its concentration was
assayed spectrophotometrically at 352 nm, Emm= 2.52 x 104 (Shecter, 1973).
A schematic of the gassing system is shown in Figure 3. The volume of test
suspensions contained in the reaction vessel was 5 ml (108 cfu/ml of bacteria/fungi or
108 pfu/ml of bacteriophage) for all experiments. The test suspensions were exposed to
107 nmoles 03/min (600 ppm) at a constant flow rate of 20 ml/min for 1 to 40 min by
permitting the gas to bubble directly into the suspensions at room temperature
(22 °C).Control experiments were performed under identical conditions using oxygen gas.

2.

Growth conditions and Determination of cell viability

Bacterial strains used are : E. coli K-12 (a) AB1911 (argE metA) wild type with
recA repair system and (b) KL1699 (thi-L relAl deoBJS, recAl) mutant with respect to
recA repair mechanisms (Bachmann, 1980).
Bacteria were isolated as single colonies on L-agar or grown as liquid cultures in
L broth. Overnight cultures were prepared by inoculating a single colony or subculturing
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Figure 3. Schematic representation of the ozone gassing system Ozone concentration in
the ozone/oxygen gas stream was determined by bubbling through a neutral buffered
solution of potassium iodide in reaction vessel. Flow rate was maintained at 20 ml/min.
U. V bulbs and power supply were from Ultraviolet Products Inc.
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0.1 ml from a liquid culture (100-fold dilution) into 10 ml of L broth and incubating
overnight at 37°C. For experiments, fresh cultures were grown using a 10-fold dilution
from overnight cultures oiE. coli K-12 into fresh L broth and incubated on a rotator
(Technilab Instruments, Inc., Pequannock, N.J.) until absorbance at 520 nm reached
0.600 (early log phase). Cells were then centrifuged, washed once with sterile distilled
water, and resuspended in 50 mM phosphate buffer pH 7.0.
The semi-quantitative concentration of bacteria was determined by serial dilution
in B buffer and plating 100 jil aliquots of these dilutions on the appropriate agar. The
concentration (c) was calculated as c = (n x d)/v, where n is the number of colonies, d is
the dilution factor and v is the volume of the bacterial dilution plated.
Candida albicans strain 44807 (Manning and Mitchell, 1980) was grown in
Sabouraud's broth at 37°C and harvested similar to E. coli. Aliquots of untreated and
treated samples were removed and appropriate dilutions plated on LB medium for E. coli
and Sabouraud's agar for C. albicans sohdified with 1.5% agar (Difco, Detroit, Michigan).

3.

Growth Curve

A volume of an overnight culture sufficient to produce an optical density (OD 520)
of approximately 0.600 was inoculated into 10 ml. of similar medium in a 100 ml baffled
Erlenmeyer flask and incubated at 37°C with aeration in an orbital shaker (100 rpm)
(orbital shaker model 4730, Queue corp, Parksburg, W.Va). At 30 min intervals, a 3.0 ml.
aliquot of culture was removed from each flask and pipetted into a clean unscratched test
tube, the optical density (OD 520) of the culture was determined using a
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spectrophotometer (Model 100-20, Hitachi instrument Corp. Of America, Danbury,
Conn.), and then the culture aliquot was returned to the flask. The same test tube was
used for each time point in order to minimize the effects of varying glass properties on the
optical density (OD520) readings. The optical density (OD 520 nm ) of the culture was
plotted versus the time on semi-log paper to obtain the growth curves.

4.

Preparation and titration of bacteriopgage A,

Bacteriophage X was propagated on the appropriate host {E. coli K-12) using a
modified plate method (Davis et al. 1980). Bacteria were grown to early log phase in
L broth. Approximately 10 to 100 pi of phage (109 to 1010 pfii/ml) was added per
milliliter of bacteria, and combined with 3 ml of top agar containing 10 mM MgS04 and
10 mM CaCl2 and poured on fresh, thick (8 mm) 1% L agar. After incubation for 8 to 16
hours at 37°C, 5 ml of SM buffer was added to the lysed bacterial lawn. The plates were
kept at 4°C for 8 h and the phage was collected from the lysed bacterial lawn in an
Oakridge tube and centrifuged at 10,000 rpm for 10 min at 4°C in a SS-34 rotor to obtain
the supernatant. Five to 10 drops of chloroform were then added to the lysate and
incubated at 42°C for 1 h to kill any remaining bacteria.
Phage was titered semi-quantitatively by serially diluting in B buffer and 0.1 ml of
these dilutions was combined with the host bacteria and top agar and pour plated onto
L agar plates. The concentration (c) was calculated as c = (n x d)/v, where n is the
number of plaques, d is the dilution factor and v is the volume of the phage plated.
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After treatments with ozone the phage titers was determined by this semi-quantitative
method and expressed as plaque forming units/ml (pfii/ml).

5.

Uptake of 3H labelled amino acid mixture into E. coli

E. coli cells harvested at mid-log phase (OD520= 0.7 - 0.8). The cells were washed
twice with distilled water and resuspended in phosphate buffer, pH 7.0 to an OD520 - 0.8
(lx 108 cells/ml). Chloramphenicol (200 pg/ml) was added to the cell suspension and
incubated for 10 min at 30°C to inhibit protein synthesis. To this suspension 3H labelled
amino acid mixture (5 pCi/ml) was added and set aside for uptake (20 min at 35 °C with
shaking). Cells were washed and resuspended in phosphate buffer (5 ml) for treatment
with ozone (0, 1, 2, 3, 4, and 5 min). Identically treated cells that were exposed to oxygen
served as control. Immediately after each exposure cell suspension was pipetted onto
Milhpore HA filters 25 mm diameter, 0.45 micron pore size, (Millipore Corp., Bedford,
Massachussetts) on a milhpore vaccum manifold. The cells retained on the filters were
rinsed (1 ml aliquots of 0.85% saline) and placed in 10 ml of CytoScint cocktail (ICN
Biomedicals, Inc., Irvine, California) in 20 ml glass scintillation vials and counted in a
Beckman model LS3801 scintillation counter (Beckman Instruments, Inc., Fullerton,
California) to determine the amount of [3H] amino acid mixture retained inside the cells.
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6.

Determination of lipid oxidation

The treated and untreated suspensions were centrifuged at 2x g for 10 min at 22°C
and supernatants collected for determination of malondialdehyde or thiobarbituric acid
reactive substances (TBA-RS) by the fluorometric assay (Yagi, 1976). Two millibters of
N/12 H2S04 and 0.3 ml of 10% phosphotungstic acid were added to the supernatant
samples. After standing at room temperature for 10 min, 1 ml of 0.67% TBA reagent (a
mixture of equal volumes of 0.67% TBA aqueous solution and glacial acetic acid) was
added. The reaction mixture was heated at 95 °C for 60 min in a water bath. After
cooling with tap water, 4 ml of n-butanol were added and the mixture was shaken
vigorously for 30 seconds. After centrifugation at 2x g for 10 min, the n-butanol layer
was removed for fluoremetric measurements at 553 nm with 515 nm excitation, using a
LS-3 Fluorescence Spectrophotometer (Perkin-Ehner, Norwalk, Conneticut). The value
of fluorescence was calculated by comparing with standards prepared from
tetraethoxypropane (Sigma Chemical Co. St. Louis, Missouri).

7.

Protein determination and analysis

Total protein content of cell extract was measured using the Coomassie protein
assay reagent (Pierce, Rockford, IL). After addition of 2.5 ml assay reagent to 50 pi of
cell extract, the absorbance of the protein dye mixture was measured
spectrophotometrically at 595 nm. The amount of protein was calculated by comparing it
with bovine serum albumin standards.
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8.

Determination of nucleic acid leakage

The UV absorbance of the solutions of nucleic acids, nucleotides and nucleosides
in the supernatants, before and after treatment with ozone was measured at 260/280 nm in
a Beckman model DU spectrophotometer (Beckman, Fullerton, California) (Scott and
Lesher, 1963).

9.

Measurement of tryptophan oxidation

The intrinsic protein fluorescence is predominantly due to excitation of the indole
group of tryptophan (excitation peak 290 nm) which results in a fluorescence emission
peak at about 336 nm (Burstein et al. 1973). The increase in fluorescence indicates
increased amounts of unoxidized tryptophan and a decrease in fluorescence correlates with
the amounts of tryptophan residues being oxidized (Goldstein and McDonagh, 1975).
Spectrophotometric measurements of the amount of tryptophan present in supernatants
were performed in a Fluorescence Spectrophotometer F-2000 (Hitachi, Irvindale, Illinois)
at 25 °C. The instrument was standardized with 0.01 mM quinine sulfate. All
spectrofluorometric procedures were performed on the same day of ozone exposure. For
measurement of native protein fluorescence the excitation monochrometer was set at
290 nm and the fluorescence emiossion was then scanned from 300-400 nm. The peak
height, which was usually at 336 nm was recorded.
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10.

Cell extract preparation

Cell suspensions (5 ml) were centrifuged at 5.9x g for 10 min. The supernatant
was discarded and the cell pellet washed twice in 3 ml of 50 mM potassium phosphate
buffer, pH 7.8. The pellet was resuspended in 500 pi phosphate buffer containing
10 mg/ml lysozyme, 0.1 mM EDTA and 10 pi Dnase and Rnase mixture. Cells were then
disrupted by five cycles of freezing and thawing (dipping successively in an alcohol-dry ice
mix and a 42°C water bath). The solution was spun down in a microcentrifiige using
Eppendorf tubes. The cell extract was collected and assayed for activities of enzymes,
and levels of glutathione and total sulfhydryl compounds.

11.

Analytical methods

The activity of glyceraldehyde-3-phosphate-dehydrogenase was carried out in 1 ml
incubation mixtures measured in a Beckman DU spectrophotometer (Beckman, Fullerton,
CA) (Allison and Kaplan, 1964). Assay mixtures were prepared at room temperature in
1 ml cuvettes with a 1 cm light path and contained 200 pi 30 mM Sodium phosphate, pH
8.4; 500 pi ddH20; 100 pi 0.2% triton, 30 pi 0.4 M sodium arsenate, 10 pi 20 mM PNAD
(Nicotinamide dinucleotide), and 50 pi sample. After mixing the reaction was started by
adding 100 pi of 15 pM Diaclyglyceride3 (DG3) at pH 7.0. The ingredients were mixed
and the optical density at 340 run was recorded. Specific activity was expressed as % of
specific activity /mg protein.
Mafic enzyme activity was determined spectr©photometrically based on increase in
the absorption of NADH at 340 nm (Murphey and Kitto, 1969). The reaction mixture in a
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total volume of 1 ml, contained 600 (il dd H20; 200 fil 30 mM phosphate buffer, pH 7.2;
25 pi 10 mM oxaloacetate and 50 pi 2 mM NADH (reduced Nicotinamide dinucleotide)
was mixed and used as a blank. The reaction was initiated by the addition of the sample
(enzyme) and the absorbance recorded at 25 °C.
The enzyme activity of lactate dehydrogenase was determined
spectrophotometrically based on an increase in the absorption of NADH at 340 nm (Futai,
1973). The reaction mixture in a total volume of 1.0 ml contained 600 pi dd H20;
200 pi 30 mM phosphate buffer, pH 7.2; 25 pi 10 mM pyruvate and 50 pi 2 mM NADH
(reduced Nicotinamide dinucleotide) was mixed and used as a blank. 100 pi sample
(enzyme) was added to this mixture and the absorbance read at 340 nm at 25 °C.
Glutathione disulfide reductase activity was assayed spectrophotometrically
following NADPH oxidation at 340 nm in a reaction medium containing 200 pi 0.1 M tris
HC1, pH 8.0; 10 pi 2 mM EDTA; 100 pi 1 mM oxidized glutathione (GSSG); 100 pi
0.1 mM NADPH; 550 pi dd H20; and 50 pi sample containing the enzyme (Kunert et al.
1990). The enzyme activities at different time periods of ozone exposure were compared
with that of the control without ozone treatment and expressed as % acitvity/mg protein.
Glutathione (GSH) and total sulfhydryl compounds were assayed according to the
method of Ellman (1959). Glutathione and total sulfhydryl compounds are oxidized by
DTNB [5,5'-dithiobis (2-nitrobenzoic acid)] to give GSSG (oxidized glutathione) and total
sulfhydryls with stoichiometric formation of TNB (5-thio-2-nitro benzoic acid). The rate
of TNB formation is followed at 412 nm in a Beckman DU spectrophotometer. The
amount of GSH was determined from a standard curve in which the GSH equivalents
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present is plotted against the rate of change of absorbance at 412 nm. The reaction
mixture for glutathione assay consisted of 200 jul 0.1 M phosphate buffer, pH 7.5; 50 pi
10 mM DTNB; 200 pi sample (GSH extract); and 55 pi dd H20. The reaction mixture for
the assay of total sulfhydryls consisted of 200 pi 0.1 M phosphate buffer, pH 7.5; 50 pi
10 mM DTNB; 650 pi dd H20 and 50 pi sample. The blank consisted of 200 pi 0.1 M
phosphate buffer, pH 7.5; 50 pi 10 mM DTNB; and 650 pi dd H20. The percentage of
total sulfhydryl or glutathione contents in ozone-treated samples was compared with the
value of the untreated control and expressed as % initial value/mg protein.

12.

Electroporation

Competent cells were prepared for electroporation by the procedure developed by
BioRad Laboratories (Richmond, CA). An overnight culture was diluted 1/100 into one
liter of fresh L-broth. Cells were grown on a Garroter platform shaker (New Brunswick)
at 37°C with vigorous aeration to an OD 520 nm of 0.5 to 0.8. The culture was chilled on ice
for 15 to 30 min, and then centrifuged in a cold GSA rotor at 5 x g for 15 min. The pellet
was washed twice in cold water (1 and 0.5 lit) and then in 20 ml. of 10% glycerol. The
pellet was finally resuspended in 2 to 3 ml. of 10% glycerol to a final concentration of at
least 3 xlO10 cells/ml. The competent cells were dispensed as 40pl aliquots into
microcentrifiige tubes and stored at -80°C.
The BioRad Gene Pulser (Richmond, CA) was used for electroporation at the
following settings: 25/^F, 2.5 kV and 200 ohms. One to 5^1 of DNA (10 to 50 ng) was
added to the thawed competent cells, which were then transferred to chilled 0.2 cm
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cuvettes. Immediately after electroporation, one ml of SOC medium was added, mixed
gently with a Pasteur pipette, and incubated at 37°C for one hour to allow expression of
the antibiotic resistance genes encoded by the plasmid. Aliquots of 10 to 100/ft were
spread on appropriate selection media, such as the antibiotics for which the plasmid
confers resistance to the recipient strain after electroporation.

13.

Plasmid Preparation

A single bacterial colony from an LB plate (1.5% agar in LB broth with
appropriate antibiotics) was inoculated into lOmls of LB broth containing chloramphenicol
(40/ig/ml) and was grown overnight at 37°C with shaking. Bacterial suspension (1 ml)
was then added to 10 ml. of fresh LB containing the antibiotic and was incubated at 37°C
overnight with vigorous shaking. The bacteria were pelleted at 2,500 xg for 15 min at
25°Cina 10ml disposable tube in a marathon 6k centrifuge (Fisher Scientific). Plasmid
DNA was recovered with Wizard mini-prep kit (Promega, Madison, WI).

14.

Wizard mini preparations

To check for the presence of the appropriate plasmid within a colony, small scale
(<10 ml) plasmid DNA preparation was carried out using the Wizard mini preparation kit
according to the manufacturer’s protocol. Four ml of a saturated culture of bacteria were
pelleted by centrifugation and resuspended in 200/ft of cell resuspension solution
(50mMTris-Hcl, pH 7.5, lOmM EDTA and 100/ig/ml Rnase A). 200/ft of the cell lysis
solution (0,2M NaOH, 1% SDS) was added and mixed to lyse the cells.
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200lA of neutralization solution (2.55M potassium acetate, pH 4.8) was added and mixed.
The cell lysate was spun at 14x g for 5 min and the supernatant was collected. One ml of
DNA purification resin was added to the supernatant and loaded onto a mini column
provided in the kit. The mixture was pulled through the mini column by applying a
vacuum. The column was washed by the addition of 2 ml column wash solution (200mM
Nacl, 20mM Tris-HCL, pH 7.5, 5mM EDTA) and the plasmid DNA eluted with 50^1 of
water preheated to 65 °C. The yield was about 1-2/ig DNA/ml bacterial culture.

15.

Gel Electrophoresis

Mini-gels, used to screen and quantitate DNA, were prepared with approximately
30 ml. of 0.8% Seakem GTG agarose (FMC, Rockland, Maine) in IX TAE buffer
containing ethidium bromide (final concentration 0.25/^g/ml), and allowed to sohdify at
room temperature for approximately 30 minutes. After transfer of the gel to the
electrophoresis apparatus (Mini Submarine Agarose Gel Unit, Model HE33, Hoefer
Scientific Instruments, San Francisco, CA) containing IX TAE electrophoresis buffer
containing ethidium bromide (final concentration 0.25/^g/ml), the DNA samples were
loaded into the wells with a micropipet. A one kilobase ladder was added as DNA size
marker (Bethesda Research Laboratories Life Technologies Inc., Gaithersburg, MD; 75 bp
tol2.2kb; 200ng). Gels were run at 50 volts for 11/2 hours. The gels were observed on
a UVPTM-36 transilluminator (UVP, Inc., San Gabriel, CA).
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The gels were photographed with a Polaroid camera (Fotodyne DS34, Fotodyne)
using the Polaroid high speed coaterless black and white professional instant pack film 667
(Cambridge, MA) and exposed for 1 sec at f8.

16.

Restriction Enzyme Digestion

Generally, 10 (A of reaction mixtures were prepared with \jA of plasmid DNA (100
to 500 ng), 1/A of 10X enzyme reaction buffer, 0.5 to l/A (5 to 10 units) of restriction
enzyme and TE buffer. Following incubation at 37°C for at least 1 hour, the enzyme was
inactivated at 65 °C for 10 min and 2 /A of 5X stopping mixture was added to stop the
reaction. The DNA mixture was separated on a gel.

17.

SDS-Polyacrylamide Gel Electrophoresis

One dimensional SDS-polyacrylamide gel electrophoresis of proteins essentially
followed the discontinuous buffer system of Laemmh (1970). Protein samples were
dissolved in an equal volume of 2X electrophoresis sample buffer consisting of 0.125 M
Tris-HCL (pH 6.8), 20% glycerol, 4% SDS, and 0.600% bromophenol blue and placed
into a boiling water bath for 5 minutes. Protein concentrations of the samples were
determined by the Coomassie protein assay reagent (Pierce, Rockford, IL). Samples were
separated on either 10 cm by 8 cm, 12.5% polyacrylamide slab gels (Bio-Rad Mini 2-D,
Model 220, Hoefer Model SE600 slab gel electrophoresis unit, Hoefer PS500XT power
supply [Hoefer Scientific Instruments, San Francisco, CA]) with 5% stacking gels.
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Following electrophoresis, gels were stained with bromophenol blue, destained by
repeated washes with 7% glacial acetic acid, and dried.
Rapid separation of proteins was achieved using a BioRad Mini-Protean 11 Dual
Slab Cell ( and a Mini-Protein 11 tube module) (BioRad Research Laboratories, Richmond,
VA). Prestained molecular weight markers were obtained from BioRad (phosphorylase b,
106,000; bovine serum albumin, 80,000; ovalbumin, 49,000; carbonic anhydrase, 32,500;
soybean trypsin inhibitor, 27,500; lysozyme, 18,500).

18.

Western Analysis. SDS-Polyacrylamide Gel Electrophoresis (PAGE)
and Western Transfer.

The resolving gel used was a precast gradient gel containing 10-20% acrylamide
with 0.1% SDS. A 3% polyacrylamide stacking gel overlying the gradient gel was
prepared . The samples were prepared as described above and were loaded on to the
stacking gel. Electrophoresis was carried out at room temperature in running buffer at
150 Volts for 2 hours. After electrophoresis, the gel was fixed with 20% methanol in
transfer buffer for 15 min at room temperature. The size fractionated proteins were
electroblotted at 100 volts for 1 hour onto Transblot nitrocellulose membrane (BioRad
Research Laboratories, Richmond, VA) with transfer buffer at 4°C.
The Transblot nitrocellulose membrane containing size fractionated proteins was
incubated at 47 °C in 10 ml of a wash solution for 5 min and then changed to 10 ml of
antibody blocking buffer (3% gelatin in TBS) and again incubated at 47°C for 1 h. It was
further incubated in 10 ml of hybridization solution (anti RecA antibody) (a gift from
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Dr. Kowalozykowski, UC Davis) overnight at room temperature. Hybridization was
carried out in 10 ml of hybridization solution containing goat anti-rabbit alkaline
phosphatase for 3 h at room temperature, with shaking. Membrane was washed with 3X
TTBS for 20 min at room temperature. The color development is observed by adding 10
ml developing buffer with gentle mixing. The reaction is stopped by adding water.

19.

Statistical Analyses

The results were expressed as the mean ± SE and the data were analyzed with one
way analysis of variance (ANOVA) followed by Tukeys multiple range test for honestly
significant difference (HSD). A p value less than 0.05 was considered significant. All
statistical procedures were performed with Statgraphics software version 5.0 (STSC, Inc.,
Rockville, Maryland).

CHAPTER 3
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ABSTRACT
The inactivation of bacteriophage lambda (A,), Escherichia coli and Candida
albicans by ozone was studied under controlled laboratory conditions. The phages were
completely inactivated at 10 min while E. coli and C. albicans were inactivated by 5- and
4 log-units at 40 min, respectively. When a mixed suspension oiE. coli and X was
exposed to ozone for 5 min, 100% killing was observed while the viability of is. coli
remained unchanged. Various body fluids containing bacteriophage X were exposed to
ozone. Compared to buffered solution, the decrease in X titers was significantly slower in
whole blood, plasma, and albumin. Both E. coli and C. albicans had increased
production of Thiobarbituric acid-reactive substances (TBA-RS) with increased ozone
exposure. 3H-labelled amino acid mixture incorporated into E. coli. Ozone treatment
resulted in a loss of radioactivity indicating leakage of cytoplasmic contents. These data
suggest that ozone toxicity has a significant effect on the rates of inactivation of different
microorganisms and upon membrane permeability. The milieu in which microbes are
present determines the effectiveness and outcome of ozone treatment.
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INTRODUCTION
Ozone is widely used for water treatment in Europe and is now receiving
considerable attention in the United States (American Public Health Association, 1985).
Disinfection with ozone is steadily gaining acceptance as an alternative chlorine. The
effects of ozone on various microorganisms have received much attention because of the
increasing use in water (Glaze, 1987) and sewage disinfection (Katzenelson and
Biedermann, 1976; Boyce et al. 1981). Inactivation kinetics with ozone have been studied
in laboratory and pilot plant scales by using a variety of microorganisms (Keller et al.
1974; Sommerville and Rempel, 1972). The damage of coat protein is thought to be
responsible for inactivation of bacteriophages <|)X174, £2 and poliovirus type 2 (De Mik
and De Groot, 1977; Kim et al. 1980; Reisser et al. 1977). The inactivation of bacteria
and fimgi is more complicated, since ozone attacks protein and unsaturated lipids in cell
membrane, and also cytoplasmic components (Scott and Lesher, 1963; Mudd et al. 1969;
Pryor et al. 1983; Hinze et al. 1987). Ozone has been reported to be useful in
decontamination of bioclean rooms (Masaoka et al. 1987). Ozonization of autologous
blood followed by slow reinfusion in patients, has been used for a long time in Western
Europe for the treatment of various viral diseases (Rilling, 1985). The therapeutic
benefits observed in the autohemotherapy procedure is thought to be due to the activation
of the immune system (Bocci and Paulesu, 1993).
Investigations of the comparative inactivation of different microorganisms with
respect to indicator organisms have been carried out (Herbold et al. 1989; Finch and
Fairbaim, 1991; Sugita et al. 1992). Escherichia coli is used as one of the indicator
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organisms in water and sewage disinfection (Finch et al., 1987). Candida may produce
endocarditis, or infection of the eyes and other organs when introduced intravenously
(tubing, needles, narcotics abuse, etc.). These studies were undertaken to improve on the
present methods of ozone disinfection.
This study investigated the ozone sensitivity of bacteriophage lambda (X) and
C. albicans in comparison to the conventional bioindicator E. coli. We also studied the
effect of ozonation of body fluids contaminated with lambda. Oxidative membrane
damage after ozone exposure in C. albicans and E. coli was measured by production of
thiobarbituric acid reactive substances (TBA-RS) and leakage of labelled amino acid
mixtures from E. coli.
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MATERIALS AND METHODS
Materials
Ozone was generated from pure oxygen using an ozonizer (Ultraviolet Products
Inc., San Gabriel, CA). The concentration of ozone output was determined
spectrophotometricaUy using the potassium iodide method (Shecter, 1973). The test
suspensions (5 ml with 108 cells/ml or 108 pfix/ml) were exposed to 107 nmoles 03/min
(600 ppm), at a constant flow rate of 20 ml/min for one to35 minutes by permitting the
gas to bubble directly into the suspensions at room temperature (22 °C).
Human albumin was obtained from Immuno-U.S. Inc., (Rochester, MI), while
whole blood and human plasma were from the clinical lab of Loma Linda University
Medical Center (LLUMC, Loma Linda, CA). Bacteriophage A, was obtained from a
research lab in LLUMC and C. albicans was from clinical laboratory, LLUMC. The
bacterial strain used was E. coli K-12 (CSH50, Cold Spring Harbor Laboratory).

Media and Buffers
LB broth consisted of 10 g of Bacto Tryptone (Difco, Detroit, MI), 5 g of Yeast
Extract (Difco), 5 g of NaCl and 1 g of dextrose per liter. Additionally,
15 g (1.5%[wt/vol]) of Bacto Agar (Difco) was added for L agar plates. For phage
titration, 10 g (1% [wt/vol]) of Bacto agar (Difco) was used instead. L broth with
maltose (0.4% [wt/vol]) substituted for dextrose was used for plating phage A.
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Preparation and titration of bacteriopgage /l
Bacteriophage X was propagated on the appropriate host (E. coli K-12) using a
modified plate method (Davis et al, 1980). After treatment with ozone the phage
suspensions were serially diluted and quantitated (titre = plaque forming units/ml (pfu/ml).

Growth conditions and Determination of cell viability
E. coli K-12 and C. albicans were used for comparison of cell survival and lipid
oxidation. Aliquots of untreated and treated samples were removed and appropriate
dilutions plated on LB medium for E. coli and Sabouraud’s medium for C. albicans
sohdified with 1.5 % agar (Difco, Detroit, MI). The plates were incubated overnight at
37°C and the colonies counted.

Determination of lipid oxidation

The treated and untreated suspensions were centrifuged at 2,000 rpm for 10 min at
22°C and supernatants collected for determination of thiobarbituric acid-reactive
substances (TBA-RS) by fluorometric assay (Yagi, 1976). Fluorometric measurements
were made at 553 nm with 515 nm excitation, using a LS-3 Fluorescence
Spectrophotometer (Perkin-Ehner, Norwalk, CT). The value of fluorescence was
calculated by comparing with standards prepared from tetraethoxypropane (Sigma
Chemical Co. St. louis, MO).
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Incorporation of 3H labelled amino acid mixture into E. coll
E. coli cells harvested at mid-log phase were washed and resuspended in
phosphate buffer, pH 7.0 to an OD520=0.8 (1X108 cells/ml). 3H- labelled amino acid
mixture (5 pCi/ml) (ICN Pharmaceuticals, Costa Mesa, CA) was added to cell suspension
after inhibition of protein synthesis by chloramphenicol (200 pg/ml) for incorporation (20
min at 35 °C with shaking). Cells were washed and resuspended in phosphate buffer. The
cell suspensions (5 ml) were treated with ozone for different time periods (0, 1, 2, 3, 4,
and 5 min). Cells exposed to oxygen were used as control. Immediately after each
exposure cell suspension was pipetted onto Milhpore HA filters (25 mm diameter, 0.45
micron pore size) (Milhpore Corp., Bedford, MA) on a Milhpore vaccum manifold. The
cehs retained on the filter were rapidly rinsed four times with 1 ml aliquots of 0.85%
saline. The washed filters were placed in 10 ml of CytoScint cocktah (ICN Biomedicals,
Inc., Irvine, CA) in 20 ml glass scintihation vials and counted in a Beckman model LS3801
scintihation counter (Beckman Instruments, Inc., Fullerton, CA) to determine the amount
of [3H] amino acid mixture retained inside the cehs.

Statistical Analyses
The results were expressed as the mean ± SE and the data were analyzed with one
way analysis of variance (ANOVA) fohowed by Tukey's multiple range test for honestly
significant difference (HSD). Ap value less than 0.05 was considered significant. Ah
statistical procedures were performed with Statgraphics software version 5.0 (STSC, Inc.,
Rockvihe, MD).
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RESULTS
Oxygen gas had no efifect on E. coli while ozone treatment resulted in a timedependent decrease of cell viability (Figure 4). Bacteriophage A, was extremely sensitive
to ozone with a 4-log inactivation at 8 min and more than 9-log inactivation at 10 min
(Figure 5). In contrast, both E. coli and C. albicans showed only a decreaseof less than
2 logs at 10 min. At the highest exposure times tested the viability decreased by 5 logs in
E. coli and 4 logs in C. albicans. Study of comparative response of mixed cultures of
bacteria and bacteriophages shows that A titres drop significantly within 5 min of ozone
exposure while E. coli viability remained unchanged (Figure 6). A was 100% inactivated
at 10 min in the phosphate buffer solution. In different body fluids (10% plasma, 5%
albumin, and whole blood), complete inactivation of A was delayed until 25 and 30 min
exposure (Figure 7). During this time the fluids were also oxidized as indicated by
disappearance of color or the so-called bleaching effect.
Induction of lipid oxidation by ozone on E. coli and C. albicans is shown in
Figure 8. Oxygen did not have any effect. Both E. coli and C. albicans showed a dosedependent increase in the production of thiobarbituric acid-reactive substances (TBA-RS).
The amount of TBA-RS produced by C. albicans was twice as much as E. coli at 40 min.
Figure 9 shows the effect of ozone on incorporated 3H labelled amino acid mixture in
E. coli. Ozone caused a significant leakage of 3H labelled amino acids at 4 - 5 min.
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Figure 5. Comparison of bacteriophage X, E. coli and C. albicans inactivation by using
ozone in individual reactor vessels. Data represent standard error of triplicate samples.
Asterisk denotes significant difference from the respective control at "0" point (p<0.05).
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Figure 6. Comparison of bacteriophage X and E. coli inactivation present in the same
reactor vessel. Data represent standard error of triplicate samples. Asterisk denotes
significant difference from the respective control at "0" point (p<0.05).
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Figure 8. Ozone induced lipid oxidation of E. coli and C. albicans. TBA-RS content in
the supernatant was determined by a TEA fluoremetric assay. Data represent standard
error of triplicate samples. Asterisk denotes significant difference from the respective
control at "0" point (p<0.05).
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Figure 9. Comparison of the leakage of 3H-labelled amino acid mixture from E. coli after
exposure to ozone and oxygen. Data represent standard error of triplicate samples.
Asterisk denotes significant from the respective control at "0" point (p<0.05).
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DISCUSSION
Bacteriophage X was significantly more sensitive to ozone than E. coli and C.
albicans in phosphate buffer. In a mixed solution containing E. coli and X (before and
after contamination), the bacteriophage was inactivated at a much faster rate. Previous
studies have shown that ozone initially attacks the membrane leading to eventual cell lysis
(Scott and Lesher, 1963; Mudd et al. 1969; Pryor et al. 1991). The difference in the
phage protein coat and cell membrane composition may be responsible for the differential
inactivation of these microorganisms. Lambda with a protein coat may account for its
greater susceptibility. It appears that ozone reacts preferentially with proteins in relation
to lipids. Bacteriophages are common contaminants in bacterial cultures in
microbiological laboratories. Results from this study suggest that low concentration or
short interval ozone exposure may be used to inactivate phage contamination in bacterial
and fimgal cultures.
We also studied the inactivation of bacteriophage in various fluids and found X was
completely inactivated in phosphate buffer by 10 min but not in simulated body fluids.
The time taken to be inactivated was 3 times faster in phophate buffer as compared to
simulated body fluids. When phages were inactivated in simulated body fluids after
prolonged ozone exposure, the fluids were also oxidized as indicated by the decolorization
or bleaching effect. Uric acid, ascorbic acid and albumin are the major scavengers of
ozone in body fluids (Cross et al., 1992a; 1992b). Whole blood containing all these
substances would preferentially quench ozone making it less effective for inactivation of
microorganisms. Hence the use of ozone to preferentially inactivate viruses in body fluids
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is neither feasible nor practical as concentration of ozone that achieves inactivation will
also denature the biological fluids. Apart from the antioxidants, ozone oxidizes other
proteins in plasma and whole blood directly (Cross et al. 1992). Ozone has been
implicated in the induction and progression of various respiratory and autoimmune
disesses. Increased exposure to ozone resulting in the oxidation of essential proteins
involved in the defense mechanism may exacerbate viral and bacterial infections via the
respiratory system.
Results of this study indicate that the microbicidal activity of ozone is
greatly affected by the applied dose, prescence of ozone quenching proteins and type of
microorganism tested. The milieu in which microbes are present determines the
effectiveness and outcome of ozone treatment. The different simulated body fluids
preferentially quench ozone, making it less available for inactivation of viruses.
Bacteriophage X is more sensitive than E. coli and C. albicans indicating that microbes are
inactivated by ozone at different rates, possibly related to differential membrane
permeability.

Both the production of TBA-RS and leakage of labelled amino acids

indicate that the membrane permeability is being compromised. Further analysis of
membrane damage is therefore neccessary to study the effects of ozone on biological
systems.
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ABSTRACT

Escherichia coli K-12 transformed with pACYC184 plasmid DNA was exposed to
ozone (03) in aqueous solution. The damage to the membrane, protein, plasmid DNA,
and cell survival were investigated. Cell viability was unaffected by 1-5 minutes short
term 03 exposure, but membrane permeabihty was compromised as indicated by protein
and nucleic acid leakage and bpid oxidation. The intracellular components, protein and
DNA, remained intact. With longer durations of 03 exposure (up to 30 minutes) cell
viabihty decreased with a more significant increase in bpid oxidation and protein and
nucleic acid leakage. The proteins leaking out were further oxidized by 03. The total
intracellular proteins run on SDS-PAGE, and plasmid DNA run on agarose gel, showed
progressive degradation corresponding to the decrease in ceb viabihty. The data indicate
that membrane components are the primary targets of 03 damage with subsequent
reactions involving the intracehular components, protein and DNA.
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INTRODUCTION

Ozone (03) behaves like a double-edged sword with the potential for beneficial
and harmful effects. It is a potent microbicidal agent in sewage-disposal plants (Menzel
1984), water disinfection (Glaze 1987), and food preservation (Rice et al. 1982). It is also
widely used to sterilize biological safety cabinets (Akey 1987), decontaminate bioclean
rooms (Masaoka et al. 1982) and for destruction of toxic industrial impurities (Borek and
Mehlman 1983). Being a powerful oxidant, it is one of the most important components
of air pollutants affecting plants, animals and humans (Lipmann 1991). The primary target
of long-term or chronic ozone exposure in humans is the respiratory system with lesions in
the bronchioles (Huang et al. 1989). Its toxic effects have been studied extensively in
plant and animal cells (Heath 1980, Menzel 1984), and to a lesser extent in bacteria
(Hamelin and Chung 1974; Hamelin et al. 1977); however, no consensus exists as to how
it exerts its toxicity. There is controversy about whether 03 induces toxic effects via
oxidation of lipids or proteins in the biomembranes (Goldstein and McDonagh 1975,
Mudd et al. 1969, Ohlrogge and Keman 1983). Because of these discrepancies further
investigations are needed to clarify the effects of 03 Bacteria offer a feasible system for
such study.
To elucidate the mechanism by which 03 causes cell damage and eventually cell
death, we conducted a comprehensive study using Escherichia coli K-12 as a model. This
bacterium was chosen because of its ease of handling and high degree of reproducibility,
thus avoiding the biological variations inherent in animal and plant cells. In water and
sewage treatment plants, E. coli is used as an indicator organism for fecal contamination.
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In this study, we determined the effects of short- and long-interval ozone exposure on
membrane permeability, total proteins, and plasmid DNA. These effects were correlated
with cell viability.
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MATERIALS AND METHODS

Growth condition and ozone treatment.
E. coli K-12 (CSH50, Cold Spring Harbor Laboratory) transformant harboring
pACYC184 plasmid was grown in LB-medium supplemented with chloramphenicol at a
final concentration of 40 jug/ml. Overnight cultures were diluted 1:10 in fresh LB-medium
and incubated until the absorbance at 520 nm reached 0.600 (early log phase). Cells were
then centrifuged, washed once with sterile distilled water, and resuspended in phosphate
buffer. 03 was generated from pure oxygen using an ozonizer (Ultraviolet Products Inc.,
San Gabriel, CA). The concentration of 03 output was determined spectr©photometrically
using the potassium iodide method (Shechter 1973). The test suspensions (5 ml with
108 cells/ml) were exposed to 107 nmoles 03/min (600 ppm) at a constant flow rate of
20 ml/min for 1 to 30 minutes by allowing the gas to bubble directly into the cell
suspensions at room temperature (22 °C). Control experiments were performed under
identical conditions using oxygen gas.

Determination of cell viability.
Aliquots of untreated and treated samples were removed and appropriate dilutions
plated on LB medium sohdified with 1.5 % agar (Difco, Detroit, MI). The plates were
incubated overnight at 37°C and the colonies counted.
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Determination of lipid oxidation.
Cell suspensions were centrifuged at 2,000 rpm for 10 min at 22°C and
supernatants collected for malondialdehyde (MDA) determination by thiobarbituric acid
(TBA) fluorometric assay (Yagi 1976). Fluorometric measurements were made at 553 nm
with 515 nm excitation, using a LS-3 Fluorescence Spectrophotometer (Perkin-Elmer,
Norwalk, CT). The value of fluorescence was calculated using standards prepared from
tetraethoxypropane (Sigma Chemical Co., St. Louis, MO).

Protein determination and analysis.
Supernatants of cell suspensions were assayed for total protein content using the
Coomassie protein assay reagent (Pierce, Rockford, IL). The absorbance of the protein
dye mixture was measured spectrophotometrically at 595 nm. The amount of protein was
calculated by comparing it with bovine serum albumin (BSA) standards. The supernatants
were concentrated using Centriprep concentrator-3 (Amocon Inc., Beverly, MA) with the
molecular weight cut-off of 3,000 daltons. For protein analysis, the cell suspension was
centrifuged at 2,000 rpm for 10 min at room temperature, and the pellet was either frozen
at -80°C or used immediately. Extraction of proteins from cell pellets and SDS-PAGE of
the resultant cell extracts were carried out according to the method of Laemmh (1970)
and the gels were stained with Coomassie blue. The concentrated supernatants were
likewise analyzed.

68
Measurement of tryptophan oxidation.
The amount of tryptophan present in the supernatants was measured by
fluorescence reading at 336 nm and excitation at 280 nm using the Fluorescence
Spectrophotometer F-2000 (Hitachi, Irvindale, IL). The increase in fluorescence indicates
increased amounts of unoxidized tryptophan and a decrease in fluorescence correlates with
the amounts of tryptophan residues being oxidized (Burstein 1973).

Determination of nucleic acid leakage.
The UV absorbance of nucleic acids, nucleotides and nucleosides in the
supernatants was measured at 260 nm in a Beckman model DU Spectrophotometer
(Beckman, Fullerton, CA).

Extraction and analysis ofplasmid DNA.
Plasmid DNA was extracted from cell pellets using the Wizard Mini-Prep DNA
Purification Kit (Promega, Madison, WI). One half of the DNA sample extracted by this
procedure was subjected to restriction enzyme digestion by Eco RI
(Promega, Madison, WI), while the other half was left undigested. Both samples were run
on 0.8% agarose gels.

Statistical analyses.
Data were analyzed with one-way analysis of variance (ANOVA) followed by
Tukeys multiple range test for honestly significant difference (HSD). The results were
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expressed as means ± SE. A p value less than 0.05 was considered significant. All
statistical procedures were performed with Statgraphics software version 5.0 (STSC, Inc.,
Rockville, MD).
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RESULTS

Repeated experiments of treatments with oxygen gas showed no effects on all the
parameters tested. Data with oxygen treatments are thus not presented for comparison.
The number of viable E. coli K-12 cells remained constant during the short-interval
(1-5 min) of 03 exposure (Fig. 10a). There was a significant increase of malondialdehyde
(MDA), a product of lipid oxidation, at 3-5 min (Fig. 10b). A statistically significant
increase of the protein content in the supernatant was observed from 2 to 5 min (Fig. 10c).
A moderate increase of fluorescence reflecting leakage of unoxidized tryptophane was
noted at 2 min. This was followed by a decrease of fluorescence reading signifying
tryptophan oxidation at 4 and 5 min. These changes were, however, not statistically
significant (Fig. lOd). A time-dependent leakage of nucleic acids as indicated by the
increase of UV absorbance was observed (Fig. lOe).
The effect of long interval (up to 30 min) 03 exposure reflecting higher ozone
concentrations is shown in Fig. 11. The cell count dropped by one log at 10 min and
continued to drop thereafter (Fig. 11a). The numbers of viable cells at 20 and 30 min
were not significantly different, indicating that the effect had reached a plateau. There
was a significant time-dependent increase of MDA at 5-30 min of 03 exposure (Fig. lib).
Fig. 11c shows a significant increase of extracellular protein at 5 min of 03 exposure,
peaking at 15 min. There was a time-dependent increase of oxidation of tryptophan
residues from 5 to 30 min as reflected by a decrease of fluorescence (Fig. lid).
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The measurement of UV absorbing substances indicates a linear increase of nucleic acid
components from 5 to 30 min (Fig. 1 le).
The SDS-PAGE analysis (Fig. 12a) of the supernatant shows increasing amounts
of proteins at 5 to 15 min of 03 exposure. Thereafter, the 20 and 30 min treated samples
have decreased amounts of protein. This observation correlates well with leakage of
protein content measured by Coomassie reagent assay. The patterns of intracellular
proteins of E. coli exposed for longer duration to 03 are also observed on SDS-PAGE
(Fig. 12b). The intensity of the bands on the gel decreased with time, indicating a gradual
decrease in the amount of total cellular proteins, noticeable at 15 to 30 min.
Fig. 13 a depicts the effect of long interval 03 exposure on plasmid DNA. DNA
degradation began at 10 min and increased through 15 and 20 min of 03 exposure, with
complete degradation observed at 30 min. Fig. 13b shows the plasmid DNA digested with
the restriction enzyme Eco RI after 03 exposure. This digestion resulted in the
linearization of plasmid DNA. There was no difference in the amount of linear DNA in
the control (lane 2) and 5 min-exposed (lane 3) samples. There was a decrease in the
amount of linear DNA from 10 to 30 min with increased degradation as indicated by
mcreasmg smearing.
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Figure lOa-e. Effect of short-interval ozone exposure on cell viability (a), lipid oxidation
(b), protein leakage (c), tryptophan oxidation (d), and nucleic acid leakage (e). Bacteria
were exposed to 107 nmol 03/min for 1-5 min. Each point is the mean of three
experiments, and vertical bars indicate standard errors. Asterisk (*) indicates significant
difference (P<0.05) from the respective control at '’0" point.
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Figure lla-e. Long-interval exposure of Escherichia coli K-12 suspension to 107 nmol
03/min for 5-30 min. The effect on cell viability (a), lipid oxidation (b), protein leakage
(c), tryptophan oxidation (d), and nucleic acid leakage (e) was observed. Bars represent
standard errors of triplicate determinations. Asterisk (*) indicates significant difference
(P<0.05) from the respective control at "0" point.
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Figure 12a. Sodium Dodecyl sulfate/polyacrylamide gel electrophoresis analysis of
concentrated proteins in supernatants oiE. coli K-12 exposed to ozone (107 nmol
03/min) for 0-30 min. Lane 7, BioRad low-molecular-mass standards, lane 2 0 min
(unexposed cells), lane 3 5 min, lane 4 10 min, lane 5 15 min, lane 6 20 min, lane 7 30
min. 12b. Cellular proteins extracted from 7?. coli K-12 exposed to ozone (107 nmol
03/min) for 0-30 min. Lanes 1-6, 0, 5, 10, 15, 20 and 30 min, respectively, of ozone
treatment. Lane 7 are standards.
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Figure 13 a. Electrophoresis of plasmid pACYC184 DNA extracted from E. coli K-12
exposed to 107 nmol 03/min. Lane 1 Ikb DNA standard; lane 2 0 min (without ozone),
lane 3 5 min, lane 4 10 min, lane 5 15 min, lane 6 20 min, lane 7 30 min of ozone
exposure. 13b. Agarose gel electrophoresis ofifcoRI-restriction-enzyme-digested plasmid
pACYC184 extracted from E. coli K-12. Lane 1 standard, lanes 2-7 samples with 0 min
(no ozone), 5 min, 10 min, 15 min, 20 min, and 30 min ozone exposure.

79

1

2

3

4

5

6

7

1

2

3

4

5

6

7

a

b

80
DISCUSSION

Short-interval 03 exposure showed no effect on cell viability and tryptophan
oxidation. Conversely, a significant leakage of protein was observed followed by MDA
and nucleic acid components. The oxidation of phospholipids and proteins, both of which
have structural and functional roles in biomembranes (Cronan and Vagelos 1972), could
alter the ability to regulate permeability. Presence of MDA byproducts and protein and
nucleic acid components in the supernatant after 03 exposure indicates membrane damage,
without apparent effect on cell viability.
With longer interval 03 exposure, cell viability decreased from 10 min onwards.
The small difference in viability observed between 20 and 30 min indicates that
increasingly longer 03 exposure did not kill more bacteria. A possible explanation is that
cellular debris from the disabled organisms may shield the surviving E. coli from the
effects of 03 (Finch et al. 1988). There was further increased MDA production and
increased protein and nucleic acid leakage, as well as tryptophan oxidation. There was
also further degradation of proteins that leaked into the supernatant, as indicated by the
increased oxidation of tryptophan residues.
Our results demonstrate that the initial target of 03 toxicity on E. coli K-12 is the
membrane, affecting both lipid and protein components. In spite of the membrane
permeability being compromised at short intervals of 03 exposure, the bacterial cell is still
capable of surviving as there is no apparent damage of intracellular components and no
change in viability. This correlates with the study of Pryor (1992), suggesting that a
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substantial fraction or all of the 03 reacts within a cell's membrane. Only with prolonged
03 exposure are intracellular proteins and DNA affected, along with a decrease in cell
viability. Hamelin (1985) has suggested ozonation as a method for generating fragments
for DNA sequence analysis.
This study directed at the differences between short- and long-interval exposures
permits a determination of the earhest events in 03 toxicity. Elucidation of the sequential
events taking place in a cell when exposed to 03 would lead to a better understanding of
its impact on higher life forms. E. coli offers a model system to further unravel the
various effects of ozone.
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ABSTRACT
Escherichia coli K-12 cell suspensions in buffer were exposed to ozone at a
concentration of 600 ppm. Measurements were made of cell viability, glyceraldehyde-3phosphate dehydrogenase, malate dehydrogenase, lactate dehydrogenase, glutathione
disulfide reductase, nonprotein sulfhydryl and total sulfhydryl compounds. Cell viability
was not affected when E. coli K-12 was exposed to ozone for less than 10 minutes. The
most sensitive parameter was glyceraldehyde-3-phosphate dehydrogenase followed by
nonprotein sulfhydryl and total sulfhydryl compounds. Effects on malate dehydrogenase.
lactate dehydrogenase and glutathione disulfide reductase were negligible. Cell survival
and induction of lipid oxidation were also determined using two strains oiE. coli K-12
(rec A, deficient in DNA repair and wild type). The extent of membrane lipid oxidation
correlated with cell viability in a dose-dependent manner and the survival curves of both
strains showed similar sensitivity to ozone. The data suggest that the sulfhydryl group in
the membrane is the primary target of ozone atttack. Rec A DNA repair system does not
appear to play a role in ozone resistance.
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INTRODUCTION
Ozone is a major component of photochemical smog. High levels of this pollutant
sufficient to affect human health are found in many urban areas worldwide [1]. Although
air quality control has achieved substantial improvement, the concentration of ozone in
several U. S. cities is still far above the National Ambient Air Quahty Standard (NAAQS)
[2]. Though limited studies in humans are supported by extensive findings from animal
experiments, a difficulty in interpreting the results of experiments with humans and animals
has led to an ambiguity on the biochemical mechanism by which ozone exerts its toxic
effect. Although Escherichia coli cannot be used as a model for airway epithelial cells,
the reaction with this organism may provide insights into the mechanism of ozone toxicity.
Initial studies in E. coli have suggested that ozone primarily attacks the double
bonds of unsaturated lipids in the membrane, leading to alteration of permeability and
eventual cell death [3], It was observed that the relative residual activities of alkaline
phosphatase and (3-galactosidase decreased along with the survival rate of E. coli on
ozone exposure [4]. Initial induction followed by inactivation of catalase and superoxide
dismutase by ozone was observed in E. coli [5]. Ozone has also been shown to be
mutagenic [6] and capable of inducing DNA degradation in different strains oiE. coli [7].
Specific modifications of the genetic material of E. coli, before destruction of the cell
membrane, have been demonstrated, and ozone resistance was suggested to be related to
DNA repair mechanisms [18].
Reactions of ozone with lipids have sometimes been interpreted as initiation of
lipid oxidation [9] or a classical ozonolysis mechanism [10]. Hence, the cytotoxicity of
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ozone is thought to be due to its interaction with unsaturated lipids, resulting in the
generation of free radicals or toxic intermediate products such as hydrogen peroxide and
aldehydes [11]. Reactions of ozone with proteins and amino acids show that the
susceptibility to oxidation is in the order cysteine = tryptophan = methionine > histidine
[12, 13]. Proteins requiring any of these residues for catalytic activity are inactivated by
ozone [14, 15]. There is, therefore, a question of whether ozone primarily reacts with the
lipid or the protein component of biological membrane. Characterization of the early
cellular events is important to the understanding of these toxic mechanisms. These studies
would eventually help to analyze what happens biochemically after ozone inhalation.
As a stepping stone to a better understanding of the biochemical basis of ozone
toxicity we decided to study the reactions of ozone with the bacterial system Escherichia
coli K-12. To gain some insights into the effects of ozone on the cell, two strains of
E. coli K-12 differing in DNA repair system (Rec A) were used to determine if there was a
difference in the induction of lipid oxidation and cell survival. The goal was also to
measure changes in enzymic activity and metabolites in these cells after ozone exposure.
while cell viability was unaffected.
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MATERIALS AND METHODS
Materials
Ozone was generated from pure oxygen using an ozonizer (Ultraviolet Products
Inc., San Gabriel, CA). The concentration of ozone output was determined
spectrophotometrically using the potassium iodide method [16]. The test suspensions
(5 ml with 108 cells/ml) were exposed to 107 nmoles 03/min (600 ppm) at a constant flow
rate of 20 ml/min for 1- 20 min by permitting the gas to bubble from a Pasteur pipette tip
directly into the cell suspensions at room temperature (22 °C). Control experiments were
performed under identical conditions with oxygen gas.
Growth condition and Determination of cell viability
For lipid oxidation and comparison of cell survival, E. coli K-12 AB1911 (wild
type) and E. coli K-12 KL1699 {rec A), deficient in the DNA repair system, were used.
E. coli K-12 AB1911 (wild type) was used for the rest of the assays.
Overnight cultures of E. coli K-12 grown in LB medium were diluted 1:10 in fresh
LB medium and incubated until the absorbance at 520 nm reached 0.600 (early log phase).
Cells were then centrifuged, washed once with sterile distilled water, and resuspended in a
pH 7.8 phosphate buffer.
Aliquots of untreated and treated samples were removed and appropriate dilutions
plated on LB medium sohdified with 1.5 % agar (Difco, Detroit, MI). The plates were
incubated overnight at 37°C and the colonies counted. Survival curves were constructed
as previously described [6].
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Determination of lipid oxidation
Cell suspensions were centrifuged at 2000 revs./min for 10 min at 22°C and
supernatants collected. Lipid oxidation was determined by measuring thiobarbituric acidreactive substances (TBA-RS) according to the method of Yagi [17]. This method
measures malondialdehyde derived from the oxidation of polyunsaturated fatty acids.
Fluorometric measurements were made at 553 nm with 515 run excitation, using a
LS-3 Fluorescence Spectrophotometer (Perkin-Elmer, Norwalk, CT). The relationship
between fluorescence and concentration was calculated using standards prepared from
tetraethoxypropane (Sigma Chemical Co., St. Louis, MO).
Cell extract preparation
Cell suspensions (5 ml) were centrifuged at 5900 revs./min for 10 min. The
supernatant was discarded and the cell pellet washed twice in 3 ml of 50 mM potassium
phosphate buffer, pH 7.8. The pellet was resuspended in 500 pi phosphate buffer
containing 10 mg/ml lysozyme, 0.1 mM EDTA and 10 pi Dnase and Rnase mixture. Cells
were then disrupted by five cycles of freezing and thawing (dipping successively in an
alcohol-dry ice mix and a 42°C water bath). The solution was spun down in a
microcentrifiige using Eppendorf tubes. The cell extract was collected and assayed for
activities of enzymes, and levels of nonprotein sulfhydryl and total sulfhydryl compounds.
Protein determination and analysis
Total protein content of cell extract was measured using the Coomassie protein
assay reagent (Pierce, Rockford, IL). After addition of 2.5 ml assay reagent to 50 pi of
cell extract, the absorbance of the protein dye mixture was measured
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spectrophotometricaUy at 595 nm The amount of protein was calculated by comparing it
with bovine serum albumin standards.
Analytical methods
The activity of glyceraldehyde-3-phosphate-dehydrogenase was carried out in 1 ml
incubation mixtures, following the formation of NADH at 340 nm, extinction coefficient
6.22 x 103, in a Beckman 650 spectrophotometer (Beckman, Fullerton, CA) [18], Malate
dehydrogenase and lactate dehydrogenase activities were calculated from the initial rate of
oxidation of NADH according to the methods of Kitto [19] and Kaplan [20] respectively,
at 340 nm in a Beckman 650 spectrophotometer. In the prescence of glutathione
disulfide (GSSG), the oxidation ofNADPHby glutathione disulfide reductase was
followed by a decrease in absorbance at 340 nm, using a Beckman 650 spectrophotometer
[21]. NADPH was standardized by the absorbance at 340 nm. The enzyme activities at
different time periods of ozone exposure were compared with that of the controls without
ozone treatment and expressed as nmol/min/mg protein. Total sulfhydryl compounds in
the cell extracts and nonprotein sulfhydryls (NPSH) after precipitating the cell extracts
with 12% trichloroacetic acid were assayed according to the method of Ellman [22]. The
chromophoric product resulting from reaction of the reagent DTNB [5, 5'-dithio-bis-(2nitrobenzoic acid)] with total sulfhydryl compounds or NPSH was measured at 412 nm in
a Beckman 650 spectrophotometer using an extinction coefficient of 13.6 x 103. The
concentration of total sulfhydryl or NPSH in samples was calculated according to the
standard curves of respective compounds and expressed as nmol/mg protein.
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Statistical Analyses
Data were analyzed with one-way analysis of variance (ANOVA) followed by
Tukeys multiple range test for honestly significant difference (HSD). The results were
expressed as the means ± SE. A p value <0.05 was considered significant. All statistical
procedures were performed with Statgraphics software version 5.0 (STSC, Inc.,
Rockville, MD).
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RESULTS
Treatments with oxygen gas had no effect on all the parameters tested, hence such
data are not presented for comparison. Figure 14A shows that cell viability was not
affected by ozone treatment up to 5 min, but dropped significantly thereafter at 10 min by
a factor of 10. Within the same time period malate dehydrogenase, lactate dehydrogenase
and glutathione disulfide reductase were not affected by ozone treatment (Figure 14B, C,
and D). In contrast, a most striking effect was observed with glyceraldehyde-3-phosphate
dehydrogenase activity, which was inhibited by 65% at 5 min and 95% at 10 min of ozone
exposure (Figure 14E). NPSH decreased by 56% and the total sulfhydryl content by 37%
at 5 min (Figures 15B and C). At 10 min of ozone exposure the NPSH content was
further decreased by 90% and the total sulfhydryl by 50% .
Figure 16 shows survival data of AB1911 (the wild type) and KL1699 (the mutant
strain deficient in DNA repair). Both strains were equally sensitive to the cytotoxic effects
of ozone. There was no significant change in cell viabilities after 5 min ozone exposure.
but the fraction of survivors decreased by a factor of 10 at 20 min (Figure 16A). The cell
viabilities observed in the two strains were not different statistically. There was a
significant time-dependent increase in TBA-RS, which was used as a measure of
malondialdehyde produced by oxidation of polyunsaturated fatty acids. However, there
was no difference between the two strains (Figure 16B).
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Figure 14. Effect of ozone exposure on cell viability and enzyme activities: lactate
dehydrogenase (LDH), malate dehydrogenase (MDH), glutathione disulfide reductase
(GSSG-R), and glyceraldehyde-3-phosphate dehydrogenase (G3PDH). Each point is the
mean of three to five independent experiments and vertical bars indicate standard errors.
* Denotes significant difference from the respective control at 0 point (P<0.05).
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DISCUSSION
The cell viability remained intact after the first 5 minutes of ozone exposure. The
various activities measured in this study after the first 5 minutes were, therefore, occurring
before the cytotoxic effect of ozone was observed. Of the four enzymes tested,
glyceraldehyde-3-phosphate-dehydrogenase (G3PDH) showed the greatest susceptibility.
The activity of G3PDH depends on a sulfhydryl group at the active site, and ozone
treatment of pure G3PDH has been shown to oxidize several amino acid residues [14].
When the active site sulfhydryl (cysteine) is reversibly blocked by tetrathionate during
ozone treatment, enzyme activity is completely retained despite the oxidation of
tryptophan, methionine, and histidine residues. [14]. The present study shows that
G3PDH can be classified as a highly reactive site for ozone toxicity. No change in the
enzyme activity was observed with malate dehydrogenase (MDH), lactate dehydrogenase
(LDH) and glutathione dissulfide reductase (GSSG-R). It can be concluded that these
enzymes are either resistant to ozone due to absence of reactive sites or the oxidized
residues are unimportant to the function of the biological activity. LDH contains histidine
at the active site. Substrate specificity in MDH depends on two arginine residues.
GSSG-R in E. coli has a threonine residue in place of a cysteine in the enzyme from
humans.
Glutathione, a nonprotein sulfhydryl, and the total sulfhydryl compounds are
readily oxidized by ozone. Our previous studies have demonstrated the leakage of
intracellular protein components into the culture medium when E. coli cells were exposed
to ozone [23]. Hence, leakage may also be partly responsible for the decrease of NPSH
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and total sulfhydryl compounds. A high ratio between reduced and oxidized glutathione is
critical in the maintenance of thiols which, in turn, are essential to the preservation of the
structural and functional activity of many proteins [14]. Depletion of glutathione in A549
cells markedly enhances the sensitivity of these cells to ozone exposure [24]. Other
studies have shown that glutathione can protect E. coli cells against oxidation induced by
radiation [25], although such a protective role in bacterial cells could not be confirmed by
Greenberg and Demple [26]. Further experiments are needed to elucidate these
mechanisms since these parameters may play an important role in the cellular defense
against ozone-induced oxidative stress.
In this study both strains offs, coli showed similar response in TBA-RS
production and cell survival. The lack of difference in TBA-RS is not surprising since this
effect occurs at the membrane level. Ozone affects the bacterial cell membrane [3] with
the production of aldehydes in the process of oxidizing polyunsaturated fatty acids [11].
Although the phospholipids and some cytoplasmic protein components were shown to be
susceptible to ozone within 5 minutes of exposure, this study cannot determine which of
the two was being affected first.
Our results indicated that both the mutant (DNA repair deficient) and the wild type
strains were equally sensitive to ozone, suggesting that RecA DNA repair system may not
play an important or vital role in ozone resistance.
The method of ozone exposure in this study requires the ozone to difliise through
an aqueous medium in order to have access to the cells. The same situation may exist in
the lung, where ozone must difliise through a layer of tissue fluid before reaction with the
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membrane of epidermal cells [27]. There are still several key issues which must be
addressed in order to understand the importance of the changes after ozone exposure as
demonstrated in this study. Further investigations on a wider array of parameters within a
cell after ozone exposure is needed to attain a better understanding of its toxic
mechanisms.
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ABSTRACT

Two different strains of Escherichia coli K-12 (wild type and recA) harboring
plasmid DNA (pACYC184) were exposed to ozone (107 nmoles/ml/min). Growth
curves, damage of total cellular proteins and plasmid DNA were investigated. Levels of
RecA protein were measured after 5 and 10 min of ozone exposure. Both exposed and
unexposed cultures followed similar growth curve patterns. The extent of total cellular
protein and plasmid DNA damage occurred at the same exposure intervals. The decrease
in RecA levels suggest that ozone may have an oxidizing effect on this protein. These
findings indicate that both strains (wild type and recA) are equally susceptible to ozone
treatment and Rec A protein may play a significant role in the DNA repair mechanism.
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INTRODUCTION

Ozone remains one of the most important air pollutants worldwide, yet little direct
documented evidence of its genotoxicity exists. Various studies have demonstrated the
mutagenic action of ozone in many organisms including man (Fetnar, 1962; Hamelin and
Chung, 1974, 1975; Dubeau and Chung, 1982; Vietorin, 1991; Bascom et al. 1996).
Ozone has been reported to be radiomimetic (Hamelin and Chung, 1976) and cause some
DNA degradation in different strains of Escherichia coli (Hamelin and Chung, 1977).
Specific modifications of the genetic material ofE. coli, before destruction of the cell
membrane, have been demonstrated (Hamelin and Chung, 1974). L'Herault and Chung
(1984) have reported that wild type E. coli strains with respect to DNA repair, were more
resistant to the cytotoxic effects of ozone than the mutant strains. Ishizaki et al., (1987)
demonstrated DNA strand breaks in plasmid DNA of E. coli in situ.
Initial studies in our laboratory indicated that ozone-induced DNA damage
occurred after cell membrane damage (Komanapalh and Lau, 1995). In addition.
susceptibility of two different strains (wild type and mutant, with respect to DNA repair
Rec A system) was observed to be similar. These results do not correlate with earher
reports regarding damage of genetic material in E. coli. Investigations were undertaken
to determine the possible mechanisms of DNA damage by ozone in two strains differing in
their ability to repair DNA (AB1911, the parental strain, competent in DNA repair, and
KL1699 rec A, deficient in error-prone repair systems) ( Bachman and Low, 1980). Both
strains were transformed with the plasmid pACYC184 as an indicator of DNA damage.
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MATERIALS AND METHODS

Bacteria. Bacterial strains used are : E. Coli K-12 (a) AB1911 wild type (argE metA
malEE) and (b) KL1699 mutant (thi-L relAl deoB 13, recA 1) (B. J. Bachman).

Growth conditions and ozone treatment. E. Coli K-12 (CSH50, Cold Spring Harbor
Laboratory) transformant harboring pACYC184 plasmid was grown in LB-medium
supplemented with chloramphenicol at final concentrations of 40/^g/ml. Overnight
cultures were diluted 1:10 in fresh LB-medium and incubated until the absorbance at
520nm reached 0.600 (early log phase). Cells were then centrifuged, washed once with
sterile distilled water, and resuspended in phosphate buffer pH 7.0. 03 was generated from
pure oxygen using an ozonizer (Ultraviolet Products Inc., San Gabriel, CA). The
concentration of 03 output was determined spectrophotometrically using the potassium
iodide method (Shecter,1973). The test suspensions (5 ml with 108 cells\ml) were
exposed to 107 nmoles 03/min (600 ppm), at a constant flow rate of 20 1/min for 1-30
minutes by allowing the gas to bubble directly into cell suspensions at room temperature
(22°C). Control experiments were performed under identical conditions using oxygen gas.

Growth Curve. A volume of an overnight culture sufficient to produce an optical density
(OD 520) of approximately 0.600 was inoculated into 10 ml. of similar medium and
incubated at 37°C with aeration in an orbital shaker (100 rpm) (orbital shaker model
4730, Queue corp, Parksburg, W.Va). The optical density (OD 520) of the culture was
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determined at 30 min intervals using a spectrophotometer (Model 100-20, Hitachi
instrument Corp. Of America, Danbury, Conn.). The optical density (OD 520 nm ) of the
culture was plotted versus the time on semi-log paper to obtain the growth curves.

Electroporation. Competent cells were prepared for electroporation by the procedure
developed by BioRad Laboratories (Richmond, CA). The competent cells were
dispensed as 40/^1 aliquots into microcentrifuge tubes and stored at -80 °C. The BioRad
Gene Pulser (Richmond, CA) was used for electroporation of 1 to 5[A of DNA (10 to 50
ng) into the thawed competent cells. Immediately after electroporation, one ml of SOC
medium was added, mixed gently, and incubated at 37°C for one hour to allow expression
of the antibiotic resistance genes encoded by the plasmid. Aliquots of 10 to 100/ft were
spread on appropriate selection media, such as the antibiotics for which the plasmid
confers resistance to the recipient strain after electroporation.

Extraction and analysis ofplasmid DNA. Plasmid DNA was extracted from cell pellets
using the Wizard Mini-Prep DNA purification kit (Promega, Madison, Wis.). One half of
the DNA sample extracted by this procedure was subjected to restriction-enzyme
digestion by LcoRI (Promega, Madison, Wis.), while the other half was left undigested.
Both samples were run on 0.8% agarose gels.
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Protein analysis. For protein analysis, the cell suspension was centrifuged at 2,000 rpm
for 10 min at room temperature, and the pellet was either frozen at -80°C or used
immediately. Extraction of proteins from cell pellets and sodium dodecyl
sulfate/polyacrylamide gel electrophoresis (SDS-PAGE) were carried out according to
the method of Laemmh (1970), using 12.5% polyacrylamide gels and staining with 0.25%
Coomassie blue. Rapid separation of proteins was achieved using a BioRad Mini-Protean
II Dual Slab Cell (and a Mini-Protein II tube module) (BioRad Research Laboratories,
Richmond, VA).

Western Analysis. SDS-Polyacrylamide Gel Electrophoresis (PAGE) and Western
Transfer. The resolving gel used was a precast gradient gel containing 10-20%
acrylamide with 0.1% SDS. The samples were prepared as described above. After
electrophoresis the gel was fixed with 20% methanol, and the size fractionated proteins
were electroblotted onto Transblot nitrocellulose membrane (BioRad Research
Loboratories, Richmond, VA).
The Transblot nitrocellulose membrane was washed and incubated at 47°Cfor
1 h with antibody blocking buffer (3% gelatin in TBS). It was further incubated in
10 ml of hybridization solution (anti RecA antibody) (a gift from Dr. Kowalozykowski,
UC Davis) overnight at room temperature. Hybridization was carried out in 10 ml of
hybridization solution containing goat anti-rabbit alkaline phosphatase for 3 h at room
temperature, with shaking. The color development is observed by adding 10 ml
developing buffer with gentle mixing and the reaction is stopped by adding water.
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RESULTS

Figure 17a. represents the growth curves of unexposed E. coli strains and,
Figure 17b the growth curves of 03 exposed E. coli strains. RecA strain reached the
stationary phase 2 h later than the wild type. In both situations the rec A' strains showed a
slower growth compared to the wild type ( rec A+) strain. SDS-PAGE analysis of
intracellular proteins extracted from ozone exposed E. coli strains is represented in Figure
18. Both rec A+ and rec A' strains showed similar sensitivity to ozone. At 0 and 5 min of
03 exposure there was no change in the appearance of bands. At 10 min there was a slight
decrease in the intensity of the strains and 15 min and 20 min showed increasing protein
degradation. By 30 min there appears to be a complete degradation of proteins. The
plasmid DNA (pACYC184) extracted from rec A+ and rec A' was subjected to agarose
gel electrophoresis. An initial indication of DNA degradation was observed at 20 min in
rec A+ strains and at 15 min in rec A" strain. By 30 min DNA degradation was
significantly increased as indicated by the smearing of DNA in both the strains. Figure 19
indicates the restriction enzyme digestion of plasmid DNA extracted from ozone exposed
rec A+ and rec A' strains. Restriction enzyme digestion linearized the plasmid DNA. The
DNA pattern again indicates a similar trend in DNA degradation. DNA degradation
increased with increased exposure times. Plasmid DNA in rec A' strain was affected 5 min
before that of rec A+ strain. Once the plasmid was affected both the plasmids showed
similar DNA degradation patterns. Figure 20 represents the level of rec A protein after 03
exposure. The control was unexposed and one set of cell suspension was exposed for
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5 min and the second for 10 min. The rec A protein levels decreased after 5 min ozone
exposure. There was a 15%, 30% and 26% decrease after 1 h, 1.5 h, and 2 h incubation
periods respectively. In the 10 min exposed samples, there was a significant decrease of
rec A protein (80%, 85%, and 86%) in the cells at all incubation times (1, 1.5, and
2 hours).
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Figure 17. Growth curves of untreated E. coli K-12, AB1911 (O) and KL1699 (□) and
ozone exposed E. coli K-12, AB1911 (•) and KL1699 (■). The growth was followed
for 8 hours.
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Figure 18. SDS-PAGE analysis of total cellular proteins extracted from f?. coli K-12
strains (AB1911-A; K11699-B) exposed to ozone (107 mnoles/min) for 0-30 min. BioRad
low molecular weight standards were run in lane 1. Lane 2, 0 min (unexposed cells); lane
3, 5 min; lane 4, 10 min; lane 5, 15 min; lane 6, 20 min; lane 7, 30 min.
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Figure 19. Agarose gel electrophoresis of EcoYU restriction enzyme digested plasmid
pACYC184 DNA extracted fromii. coli K-12 strains (AB1911-A; K11699-B) exposed to
ozone (107 nmoles/min) for 0-30 min. I kb DNA standard was run in lanes 1 and 8. Lane
2, 0 min (unexposed AB1911); lane 3, 5 min; lane 4, 10 min; lane 5, 15 min; lane 6, 20
min; and lane 7, 30 min. Lanes 9-14 represent 0, 5, 10, 15, 20, and 30 minutes,
respectively of ozone exposed E. coli K-12 (KL1699).
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Figure 20. E. coli K-12 cells were treated with ozone for 5 and 10 min and thereafter
incubated for various time periods (1, 1.5 and 2 hours). The RecA levels were determined
by western blot analysis with ani-recA antibody and alkaline phosphatase as described in
materilas and methods. Control was unexposed to ozone.
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DISCUSSION

The bacterial strain E. coli K-12 KL1699 ( rec A ) showed a slower growth rate
compared to the wild type strain E. coli K-12 AB1911. The rec A protein is a
multifunctional enzyme ( McEntee et al., 1981) and is indispensable for homologous
recombination. It also induces the synthesis of repair enzymes in case of DNA damage.
Although the rec A protein is not essential for cell viability, recA mutants show slower
growth than wild type cells. In rec A mutants 10% of the cells are nondividing and
contain no DNA (Capaldo et al., 1974). This could account for the slower growth rate
observed in the rec A' strain. The error-prone rec-lex repair pathway is known to be
inducible and to function in response to agents that interrupt DNA replication (Witkin,
1976). Since there is no difference in the growth curves of both the strains before and
after exposure to ozone the rec-lex error prone repair pathway may not have a significant
role.
It has been reported that ozonization of bacteria changes the functions of cell
membranes because proteins and unsaturated lipids in cell membranes are thought to be
the targets of ozone (Banerjee and Mudd, 1992; Pryor et al. 1991). In addition
prolonged ozonization causes leakage of cell content into the medium and finally lysis of
cells. Besides reacting with components of cell membranes, it penetrates into cells and
reacts with cytoplasmic substances. Previous studies on the mode of degradation of
plasmid DNA in vitro ( Sawadaishi et al., 1985, 1986) have shown that the base damages
(thymine and/or guanine residues ) in the supercoiled DNA resulted in strand scission.

125
Following this in vivo studies on plasmid DNA damage before membrane damage was
reported (Ishizaki et al., 1987). With increased ozone exposure there was increased
protein degradation. The extent of protein degradation occurs at the same ozone
exposure times indicating that both the wild type and mutant strains are equally
susceptible. A similar trend was observed with the plasmid DNA. The extent of DNA
damage as indicated by progressive smearing occurs 5 min earher in rec A' mutants
compared to the wild type. This was observed with whole plasmid DNA and plasmid
DNA linearized by Eco RI restriction.
In bacteria majority of mutagen induces mutations via two major classes of
mutagenic mechanisms: directly induced mispairing during replication and error-prone
repair (Witkin, E M., 1976). When DNA is damaged rec A protein is activated and a 20
fold increase in the rate of rec A synthesis occurs. Our results indicate that rec A protein
is not induced by 03 exposure. The western analysis demonstrates that rec A protein is
itself being damaged either directly or indirectly by ozone. This is more plausible since it
is present in the cytoplasm and the localization of substances in the cell plays an important
role in its susceptibility to ozone. In spite of previous reports suggesting the damage of
DNA prior to membrane susceptibility and cell lysis, our studies indicate DNA to be the
last target of ozone toxicity. Both rec A and wild type strains are equally sensitive to
ozone, and the rec A protein is adversely affected by ozone. Hence the rec-lex error
prone repair pathway may not play a significant role in the DNA repair process after
ozone exposure. These results emphasize the need to determine the degree of
contribution of DNA damage towards the inactivation of bacteria.
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Ozone mediated DNA damage and repair physiology during the development of
clinical conditions associated with ozone remains unknown. It has been implicated in the
induction and progression of various respiratory and autoimmune diseases (Bascom et al.
1996; Yoshida and Gershwin, 1993). The importance of molecular events in DNA upon
03 exposure should be further characterized.
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CHAPTER?
GLOBAL DISCUSSION

Epidemiological evidence is accumulating to show that inhalation of air pollutants
has long term health effects (Gong, 1992; Bascom et al. 1996). However, there is no
consensus on the mechanism by which one of the most important pollutants, ozone, has its
toxic effect (Mehlman and Borek, 1987; Lippman, 1991). We studied the reactions of
ozone with E. coli K-12 as a stepping stone to a better understanding of the biochemical
basis of ozone toxicity. Figure 21 is a schematic representation of the different parameters
of a bacterial cell affected by ozone.
The dose of ozone delivered to a biological model sample remains a vexing
problem. When model systems are used, they generally are water or buffered suspensions.
The concentration of ozone under these conditions is problematic. Ozone was generated
in an oxygen gas stream (35 - 600 ppm) (Figure 4). It was found that reproducible results
could be obtained when the gas stream was introduced directly into the solution through a
small diameter glass tube (pasteur pipette). If the gas is in contact long enough with the
solution, an equilibrium will be established in which the Bunsen coefficient for ozone can
be used (Thorp, 1952). A typical calculation takes into account the amount of ozone in
the gas stream (example 600 ppm) and the Bunsen coefficient at 25 °C to which ozone
enters the solution at equilibrium. That value is converted to the amounts in moles by the
molecular volume calculated by the perfect gas law, corrected for temperature.
lAU = 600 x 10'6 LL1 x 0.22 LL-722.4 Lmole'1 x [(T+273.16/273.16)] = 6.2 pM
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Figure 21. Schematic representation of the sites and mode of ozone action on E. coli K-12
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This assumes perfect gas behavior and equilibrium Equilibrium is hardest to establish and
so for 600 ppm ozone in a gas stream the concentration of ozone in the solution is probaly
less than 6 pM. Since ozone breaks down rapidly depending on the contents of the
solution (Heath, 1987), the level of ozone within the solution is most probably much less
than 6.0 pM. This concentration correlates with the ozone concentration in environment
to which biological organisms are exposed. Hence it can be suggested that these model
systems may yield some physiologically relevant information though they require the use
of very high concentrations of ozone.
Preliminary studies of ozone inactivation indicated that bacteriophages X was
significantly more sensitive than E. coli and C. albicans in phosphate buffer (Figure 6).
Mixed solutions containing E. coli and X, also indicated that X was inactivated almost
completely by 5 min while bacterial viability was unaffected (Figure 7). The mechanisms
of inactivation of aerosolized bacteriophage cJ)X174 in atmospheres containing ozone was
due to damage of the protein coat while DNA extracted from the inactivated phage
retained its biological activity (De Mik and De Groot, 1977). A similar effect was
observed with the bacteriophage 12, suggesting that ozone breaks the protein capsid into
subunits, disrupting adsorption to the host and the liberated RNA was secondarily sheared
by ozonation (Kim et al. 1980). In contrast to these observations the damage to the viral
nucleic acid was thought to be the main mechanism of poliovirus typel inactivation (Roy
et al. 1981). Ozone was observed to alter two of the four polypeptide chains present in
the viral coat protein which did not significantly impair virus adsorption or alter the
integrity of the virus particle.
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However, the inactivation of polio viruses is rate limited by the diflusional step of ozone
through the protein coat into the nucleic acid core.
Bolton et al. (1982) studied the biological effects of ozone on three enveloped
(vesicular stomatitis virus, influenza A virus and infectious bovine rhinotracheitis virus)
and two nonenveloped viruses (polio virus typel and infectious canine hepatitis virus).
They concluded that the enveloped viruses were relatively more sensitive to ozone
inactivation than the nonenveloped viruses based on preferential damage to the hpid
bilayer (Goldstein et al. 1969). Evidence against membrane unsaturated fatty acid
oxidation as the primary effect of ozonation has been presented (Ohlrogge and Keman,
1983).
Other reasearch work relating to the effect of ozone on compounds like proteins
and nucleic acids is worthy of mentioning at this point, as these are the major constituents
of the A, virus particle. The reaction of ozone with amino acids has been reviewed by
Mudd et al. (1969). They reported that cysteine, methionine, tryptophan, tyrosine,
histidine, cystine and phenylalanine were oxidized by ozone, whereas other amino acids
are unaffected.
In addition to its reaction with fatty acids and proteins, ozone is known to oxidize
nucleic acids (Ishizaki et al. 1984). The inactivation of bacteria and fungi is more
complicated, since ozone attacks protein and unsaturated lipids in cell membrane, and also
the cytoplasmic components (Scott and Lesher, 1963; Pryor et al. 1983; Hinze et al.
1987). Further, strand scission in DNA of if. coli has been reported (De Mik and De
Groot, 1978; Hamelin et al. 1977, 1978). Based on previous studies, and from the data
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presented here, bacteriophage X may be more susceptible than E. coli and C. albicans
mainly due to oxidation of the protein coat and further nucleic acid damage. Compared
with bacteria, fungi were found to be less sensitive to ozone exposure (Hibben and
Stotzky, 1969; Farooq and Akhlaque, 1983). Our observations correlate with the above
studies but only at long exposure times. Our study indicates that composition of the
membranes which are the primary targets of ozonation is important in the susceptibility of
different microorganisms. This may be true in mammalian systems and the susceptibility
of different kinds of cells may vary.
It is well recognized that ozone is a strong oxidizing agent capable of damaging
viruses as well as cells. It has been shown to inactivate a variety of animal viruses and
bacteriophages (Katzenelson et al. 1974; Roy et al. 1981; Sproul et al. 1982; Vaughn et al.
1987; Carpendale and Freeberg, 1991) and has been reported to inactivate human
immunodeficiency virus type 1 (HlV-l)-infected lymphocytes (Wagner et al. 1989) and
free virus spiked into whole blood (Carpendale and Freeberg, 1991). These studies have
generated interest in the possibility of using ozone as a virucidal agent in screened.
donated whole blood and red cells to reduce the risk of virus transmission by transfusion.
We studied the inactivation of bacteriophage X in various simulated body fluids
and found X was completely inactivated after 10 min in phosphate buffer but not in other
fluids. The time taken to be inactivated was 3 times faster in phophate buffer relative to
simulated body fluids. Using the technique of continuous ozone delivery to albumin,
plasma and whole blood suspensions, we have demonstrated that conditions that are
associated with 7 log unit inactivation of bacteriophage X resulted in 50 - 90 % hemolysis
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or oxidizing effect. This ozone delivery system may be compatible with those using
microporous technology (Bolton and Zee, 1986), where a low ozone dose is delivered
continuously for a period ranging from 0.5 hours to 4 days.
Previous studies have documented that ozone treatment leads to protein and lipid
alterations in red cell membranes (Chan et al. 1977; Freeman et al. 1979; Van der Zee et
al. 1987). Damage to membrane constituents is probably responsible for the observed loss
of color or hemolysis. It is not likely that the addition of antioxidants to red cell
suspensions would protect them from ozone-related damage without diminishing antiviral
activity, unless there was preferential concentration of the antioxidant within the red cell
membrane as opposed to the viral membrane.
We observed that bacteriophage inactivation was greatly inhibited by the presence
of albumin, plasma and whole blood as opposed to phosphate buffer. Isolated albumin or
albumin in plasma has potent antioxidant ability and has been implicated in the oxidizing
reactions with hydroxyl radicals and ozone (Halhwell, 1988). The antioxidant defenses of
human plasma have been well characterized (Halhwell and Gutteridge, 1990), indicating
that uric acid, ascorbic acid and albumin are the major scavengers of ozone in body fluids
(Meadows and Smith, 1986; Cross et al. 1992a; 1992b). In fact, in many ways plasma
seems to be an acceptable model system in which to study events that are relevent to
reactions occurring in respiratory tract lining fluids (Cross et al. 1992; Halhweh and
Gutteridge, 1990; Hatch, 1991). Apart from the antioxidants, ozone oxidizes other
proteins in plasma and whole blood directly (Cross et al. 1992). The reaction of ozone in
body fluids is thought to be by reactive absorption, i.e. the more oxidizable material
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present in the fluid, the more ozone is absorbed by the fluid to react with this material.
Hence the different body fluids would preferentially quench ozone, making it less available
for inactivation of viruses.
Our results indicate that X is inactivated slower in whole blood compared to
plasma and slower in plasma relative to albumin. This differential ability of whole blood,
plasma and albumin to decrease the virucidal activity of ozone, is presumably by
competition with available hemoglobin, membrane proteins, plasma proteins and even
lipids. If so, this constitutes additional evidence for the lack of specificity of the strong
oxidizing agent. The ozone-mediated hemoglobin bleaching is presumably due to
oxidative damage to the heme chromophore. Hence the use of ozone to preferentially
inactivate viruses in body fluids is neither feasible nor practical. Hatch (1991) has shown
that the human upper respiratory tract lining fluids contain uric acid, and little or no
ascorbate and albumin. Increased exposure to ozone may exacerbate viral and bacterial
infections due to its extensive oxidizing ability and markedly decreasing the
antimicrobicical ability of the respiratory system In fact ozone has been implicated in the
induction and progression of various respiratory and autoimmune diseases (Bascom et al.
1996; Yoshida and Gershwin, 1993).
The biological damage produced by ozone is attributable to its ability to cause
oxidative destruction of biomolecules either by a direct reaction or through the formation
of free radicals and reactive intermediates, or by both processes (Mustafa, 1990).
Oxidation of membrane lipids is thought to be a most important mechanism of ozone
injury. Some of the evidence of lipid peroxidation is derived from ozone exposure studies
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with red blood cells (Goldstein and Balchum, 1967; Balchum et al. 1971). The evidence
of in vivo lipid oxidation has been found in lung tissue and lavage fluid of ozone-exposed
animals, which includes thiobarbituric acid-reactive species (TBA-RS) (mostly
malonaldehyde) (Chow and Tappel, 1972). Pryor et al. (1991) have suggested that
hydrogen peroxide and aldehydes generated upon ozonation of unsaturated fatty acids
present both in lung lining fluid and in cell membrane lipids may be important mediators of
ozone toxicity in vivo. Although different methods for the quantitative determination of
these thiobarbituric acid reactive substances are available (Gutteridge, 1982; Halhwell and
Gutteridge, 1981), the method ofYagi (1976) eliminates TBA-reacting substances other
than lipid oxides.
As shown in Figure 9, bubbling ozone gas through cell suspensions containing
E. coli and C. albicans resulted in the production of TBA-reacting substances. This is an
indication that the lipid bilayer in the membranes is being oxidized by ozone. The
significantly higher amounts of TBA-RS produced by C. albicans at 30 and 40 min of
ozone exposure could be due to the larger cell size and therefore more unsaturated fatty
acids available for oxidation. Heath and Packer (1965) have demonstrated the relative
susceptibility of chloroplasts to lipid oxidation, presumably due to their substantial
unsaturated fatty acid content.
The oxidation of unsaturated fatty acids in lipids may alter the biological properties
of membranes. The entire lipid content, mainly phospholipids, of E. coli is found in the
cell envelope (Lennarz, 1967) and comprises about one-tenth the dry weight of the cell.
The two unsaturated fatty acids of E. coli are palmitoleic acid and c/s-vaccenic acid.
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In fact the prescence of czs-Vaccenic acid was based upon the identification of fragments
produced by ozonolysis (Peypoux and Michel, 1970).
Phospholipids are beheved to have two distinct roles, structural and functional, in
biological membranes. Several lines of evidence suggest that unsaturated fatty acids are
needed to support growth and cellular integrity and are also required for the long-term
maintenance of the transport system once it has been induced (Cronan and Vagelos,
1972). In this regard, the ozone damage may be due to actions on membranes of cells
which contain large amounts of unsaturated fatty acids in their phospholipids.
Following the observation of TBA-RS products in the supernatants after ozone
exposure (Figure 9) we attempted to see if the membrane permeability was affected in E.
coli. As shown in Figure 10, the leakage of [3H]-labelled amino acid mixture from E. coli
upon ozone exposure, but not when exposed to oxygen, suggested that membrane
permeability is altered. Apart from the oxidation of lipids in the membranes ozone is
known to react with proteins and cause oxidation of various functional groups. For
example, sulfhydryl, amine, alcohol, and aldehyde, all present in proteins, enzymes, nucleic
acids and other small and large biomolecules (Mustafa, 1990) may be affected. Further
analysis of membrane damage was therefore neccessary to study the extent of ozone
damage.
Ozone exposure of bacterial cell suspensions for 5 min resulted in leakage of
different components into the medium or buffered (Figure 11). Within this time period
there was no indication of cell death or lysis as ascertained by cell viability (Figure 1 la).
The significant production of TBA-RS products occurs in 3-5 min with a lag phase of
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2 min while a significant protein leakage was observed at 2-5 min. The entire lipid
content of E. coli is found in the cell envelope (Lennarz, 1967) and comprises about 10%
the cell's dry weight. In contrast, amount of protein in the cell envelope is calculated to be
about 18% the dry weight of the cell (Goodsell, 1991), indicating that there is roughly
twice as much protein in the envelope as there is lipid. The amount of TBA-RS measured
in the supernatant was 0.8 - 1.5 p mol/ml from 1-5 min. The amount of protein determined
ranged from 2-12 (Lig/ml during the same time period. Therefore, there appears to be far
more protein in the supernatant than the substances formed from lipid oxidation.
There was no generation of TBA-RS products when murine L929 fibroblasts were
exposed to ozone (Van der Zee et al. 1987), which raises the interesting possibility that
the proteins in the cell envelope may be more susceptible to ozone than lipids. Preferential
oxidation of proteins would break intramolecual bonds and change protein conformation,
resulting in removal and leakage of these proteins. In addition, small intracellular proteins
may leak out also.
Comparison of the proteins leaked into the supernatant by SDS-PAGE analysis at
5 min (Figure 15a) indicates the presence of Coomassie staining bands ranging from
30- 80 kDa. This is another interesting phenomenon since altered membrane
permeability most probably would result in the leakage of low rather than high molecular
weight proteins. Further analysis of this is needed to obtain a better understanding of the
oxidative effect of ozone on membrane proteins.
The nucleic acid leakage observed between 1 and 5 min showed a significant rise
from 4-5 min with a lag time of 3 min (Figure 1 le). When compared to TBA-RS
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production and protein leakage this was a relatively late event. The nucleic acid
components could be a mixture of macromolecules to single bases (Scott and Lesher,
1963). An attempt to characterize the nucleic acid components by HPLC indicated the
presence of adenosine, guanine, and some ATP (data not shown). It was also previously
demonstrated in Candida utilis that leakage from cells of nucleotides takes place earher
than cell death (Konev et al. 1982). The leakage of these nucleic acid components which
are present in the cytoplasm indicate that the cytoplasmic components leak out at a slower
rate. This again raises the possibility that majority of proteins leaking out could be
membranous in origin.
Data on fluorescence analysis (Figure lid) indicates no effect of ozone on
tryptophan residues. The fluorescence of proteins has been reported to be almost totally
due to the content of tryptophan. Since there is no significant change in the fluorescence
analysis of the supernatant, we assumed that tryptophan residues are unaffected by ozone,
even though membrane permeability was affected within 5 min. Despite the leakage and
production of TBA-RS the cells were able to survive and retain their viability. We
attribute this to the recovery process inherent to bacterial cells. After ozone exposure the
cell suspension was diluted and plated on nutrient rich medium and incubated overnight at
the optimum temperature of 37°C. This incubation time and the prescence of nutrients
gives the cells the necessary time and energy to recover from the trauma and repair the
ozone-induced damages.
Figures 12 indicates the effect of short-interval (5 min) ozone exposure on certain
enzymes. As indicated in Figure 12b, of the four enzymes tested, glyceraldehyde-3-
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phosphate dehydrogenase showed the greatest susceptibility to ozone. Studies in
Saccharomyces cerevisiae have also shown a reduction in this enzyme's activity by 60%
after ozone exposure (Hinze et al. 1987). Exposure of L929 fibroblasts to ozone also
resulted in the inactivation of glyceraldehyde-3-phosphate dehydrogenase (85%) (Van der
Zee et al. 1987). Effect of ozone on this enzyme in vitro, has been studied (Knight and
Mudd, 1984). Inactivation of glyceraldehyde-3-phosphate dehydrogenase by ozone was
correlated with oxidation of the active-site -SH residue (cysteine). The reaction of ozone
with amino acids has been reviewed by Mudd et al. (1969) and cysteine was found to be
most sensitive among the susceptible amino acids. The oxidation of peripheral - SH
groups, and trytophan methionine, and histidine residues occured concomitantly, but loss
of activity depended solely on active-site oxidation. In contrast no change in enzyme
activities was observed with malate dehydrogenase (MDH), lactate dehydrogenase (LDH)
and glutathione disulfide reductase (GSSG-R). Previous reports on the effect of ozone on
the cytosolic enzymes of S. cerevisiae showed no loss of activity for the enzyme MDH.
The crystal structure of malate dehydrogenase from E. coli has been determined
(Hall et al. 1992). This prokarotic enzyme is closely homologous with the mitochondrial
enzyme from eukaryotes. A citrate ion found in the active site interacts with two arginine
residues to confer substrate specificity. Many residues involved in cofactor binding in
E. coli malate dehydrogenase structure are homologous to coenzyme binding residues in
cytosolic malate dehydrogenase of eukaryotes. Lactate dehydrogenase contains histidine
as the active site residue which is conserved from bacteria to man (Hendriks et al. 1988).
The activity of lactate dehydrogenase was also not affected by ozone in murine L929
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fibroblasts (Van der Zee, 1987). LDH contains 13 thiol groups, three of which are
required for enzymic activity. However, LDH is not very sensitive to ozone, indicating
that the essential -SH groups of the enzyme are not readily accessible to ozone.
Conservation of amino acid residues implicated in the catalytic mechanism of human
glutathione disulfide reductase and E. coli is almost perfect except only one such residue is
substituted in the E. coli enzyme. A histidine residue in the human protein is substituted
by a lysine residue in the E. coli enzyme (Greer and Perham, 1986). One other
substitution to note is that a cysteine residue in the human enzyme which forms an unusual
intersubunit disulfide bridge has been replaced by threonine in E. coli.
Our study shows that G3PDH can be classified as a highly reactive site for ozone
toxicity due to the prescence of the highly sensitive cysteine residue at the active site. The
other enzymes tested are resistant to ozone presumably due to the absence of reactive
amino acid residues at the active sites. Even if some amino acid residues are being
oxidized by ozone they may be unimportant to the function of the biological activity. An
interesting observation on comparison of ozone effect on these different enzymes is the
apparent sensitivity of the cytosolic enzyme G3PDH and the lack of sensitivity of LDH, a
membrane bound enzyme. Ozone would be expected to come in contact with LDH before
G3PDH in this situation. This reiterates the preferential susceptibility of certain amino
acid residues to ozone and also raises the possibility that the prescence of hpids in the
membrane may protect LDH from being oxidized by ozone. Since the other enzymes
MDH, and GSSG-R were not inactivated possibly due to lack of oxidation of active site
residues by ozone this may be the stronger argument than the protective effect of hpids.
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Glutathione, a nonprotein sulfhydryl, and the total sulfhydryl compounds are
readily oxidized by ozone (Figure 13). The product analysis of GSH oxidation by ozone
showed the production of significant amounts of cysteic acid (Knight and Mudd, 1984).
Hoigne and Bader (1975) give kinetic evidence that OH is the major oxidizing species at
higher values of pH (at pH 11.0) during ozonization in aqueous solutions but at lower pH
7.0-8.0 there is no significant formation of OH (Knight and Mudd, 1984).
Our studies have demonstrated the leakage of intracellular protein components
into the culture medium when the bacterial cells were exposed to ozone (Figure 11).
Hence, leakage may also be partly responsible for the decrease of glutathione and total
sulfhydryl compounds. This decrease or oxidation of -SH groups would have a profound
effect on the antioxidant capacity and the ability of cells to withstand even small changes
from optimum conditions.
Glutathione is a major intracellular thiol and has been found in high concentration
in animals, plants, and microorganisms. A high ratio of reduced to oxidized glutathione is
critical in the maintenance of protein thiols which, in turn, are essential to the preservation
of the structural and functional activity of many proteins (Knight and Mudd, 1984). In
addition, glutathione is thought to play an important role in cellular protection from
ozone-induced injury (Heflher and Repine, 1989). Glutathione reacts with aldehydes and
fatty acid ozonides generated as byproducts in ozone-exposed tissue to form oxidized
glutathione and nontoxic glutathione conjugates. Deletion of glutathione in A549 cells
markedly enhances the sensitivity of these cells to ozone exposure (Reijtens et al. 1987).
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Other studies have shown that glutathione can protect E. coli cells against oxidation
induced by radiation (Moore et al. 1989), although such a protective role in bacterial cells
could not be confirmed (Greenberg and Demple, 1986).
The induction of tolerance to ozone has been reported but is not related to an
enhancement of the antioxidant system. Nambu and Yokoyama (1983) suggest that the
antioxidant system is a kind of defense mechanism against ozone, but conclusive evidence
for the main mechanism of tolerance is still lacking. It is apparent that protein oxidation
plays a significant role in the manifestation of ozone toxicity. Our studies indicate that
exposure of bacterial cells to ozone can cause oxidation of intracellular susceptible
proteins (containing -SH groups) by crossing the cell membrane. Further experiments are
needed to elucidate these mechanisms since these parameters may play an important role
in the cellular defense against ozone-induced oxidative stress.
Long-interval (5 - 30 min) ozone exposure resulted in increased leakage of protein
and nucleic acid components along with increased production of TBA-RS (Figure 14).
This exposure time also resulted in decreased cell viability indicating unrepairable damage
to the cells by 10 min exposure. The small difference in cell viability observed between
20 and 30 min indicates that increasingly longer ozone exposures did not kill more
bacteria. A possible explanation is that cellular debris from the disabled organisms may
shield the surviving E. coli from further oxidizing effects of ozone (Finch et al. 1988).
Comparison of the amounts of TBA-RS produced (0.1 - 3.5 pmol/ml by 30 min) to the
amount of protein (2 - 22 pg/ml by 30 min) present in the supernatant again indicates a
large difference in their values.
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There was a significant decrease in the fluorescence indicating loss of tryptophan
residues. The intrinsic fluorescence is predominantly due to excitation of the indole group
of tryptophan which results in a fluorescence emmission peak at about 336 run. A
decrease in native protein fluorescence appears to be a highly sensitive indicator of the
protein effects of ozone (Goldstein and McDonagh, 1975). The increased leakage of
nucleic acid components is also an indication of the extensive damage occurring in the cell.
Comparison of lag phase (Table 3) indicates that except for the 5 min lag phase for cell
viability the rest of the parameters tested had no lag phase.
The results obtained from this study show that prolonged ozone exposure leads to
almost complete deterioration of the membrane structure, as was found with other agents
causing oxidative stress, like H202 (Van der Zee et al. 1985) and singlet oxygen
(Dubbelman et al. 1980). Ozone may degrade under physiological conditions, yielding
hydroxyl radicals (OH ) (Grimes et al. 1983). As shown by Hoigne and Bader (1975),
ozone-induced oxidations may occur by a direct reaction between the target molecule and
ozone, or indirectly, with OH as intermediates. The influence of ozone on human red
blood cells and the comparison with other mechanisms of oxidative stress have been
reported (Van der Zee et al. 1987). In intact red cells lipid oxidation, potassium leakage
and inhibition of enzyme activities were insensitive to isopropanol an OH radical
scavenger, indicating that most of the deleterious effects of ozone on membrane structure
and function should be ascribed to a direct oxidation of cellular targets by ozone. The
fact that different forms of oxidative stress may have different effects on membrane
functions was also demonstrated by the same group in the studies on transmembrane
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transport systems. Since ozone does not affect any of these transport systems, they
presume that the accessibility of the essential groups in intact membranes to ozone is
different from singlet oxygen. They conclude that even if the ultimate effects, like
potassium leakage or lipid oxidation are identical, the underlying mechanisms may be quite
dissimilar with different modahties of oxidative stress.
SDS-PAGE analysis of total cellular protein (Figures 15b, 19) indicated a gradual
decrease in the amount of Coommassie staining proteins with increased exposure to
ozone. Davis (1985) showed that exposure of intact RBC to a variety of oxygen radical
generating systems resulted in rapid protein damage and degradation. Proteins which have
been exposed to the hydroxyl radical ( OH) or to the combination of OH plus the
superoxide anion radical and oxygen ( OH + 02‘ + 02) exhibit altered primary structure and
increased proteolytic susceptibility (Davies and Delsignore, 1987). They propose that the
oxygen radicals denature proteins resulting in protein unfolding and increased accessibility
of peptide bonds to proteases. Thus, the simple process of denaturation could provide an
attractive universal signal for the proteolytic degradation of oxidatively modified proteins.
They also report that all amino acids were susceptible to modification by oxygen radicals.
although tryptophan, tyrosine, histidine, and cysteine were particularly sensitive. It is
already known that ozone preferentially reacts with the same amino acids.
Hence, we think the oxidizing ability of ozone on proteins would result in the same
end products. This could account for the decrease in total cellular proteins extracted from
ozone exposed cells. Short-interval (5 min) exposure does not appear to have a
deleterious effect mainly due to the ability of the bacterial cells to repair minor damages.
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Hydrogen peroxide is one of the agents that induces heat shock response in E. coli
(Van Bogelen et al. 1987) when there is depletion of glutathione , direct damage to DNA,
and general inactivation of proteins. Since we have shown that ozone is capable of all
these effects we propose that the heat shock response may be induced to maintain cellular
integrity.
Further studies by Davies and Delsignore (1987) showed that protein aggregation
can occur along with fragmentation as a result of bityrosine formation. The process of
aggregation by OH appears to involve intermolecular bityrosine formation and essentially
any amino acid radical formed within a peptide chain could cross-link with an amino acid
radical in another protein to form aggregates. This phenomenon may also be possible on
ozone exposure though more in-depth analysis of these reactions is required.
DNA is generally considered to be a critical cellular target for lethal, carcinogenic
and mutagenic effects of drugs, radiation and environmental chemicals (Menzel, 1984).
The results presented in our study indicate that exposure of bacterial cells to ozone causes
damage to the plasmid DNA, initially by nicking, with eventual fragmentation (Figure 16).
It was previously reported that the mode of degradation of nucleic acids with ozone
results in preferential degradation of the thymine and guanine moieties in calf thymus DNA
(Shinriki et al. 1981). When E. coli cell suspension harboring pBR322 plasmid DNA was
exposed to ozone, closed circular plasmid (ccDNA) converted to open circular DNA
(ocDNA) (Ishizaki et al 1987). The mechanism of conversion seemed to be similar to that
observed in in vitro ozone treatment of plasmid DNA (Sawadaishi et al. 1985). These
findings along with our data indicate that ozone penetrates cell membrane and reacts with
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cytoplasmic substances. Exposure of L929 fibroblasts to ozone caused DNA damage as
indicated by strand breaks, DNA inter-strand cross-links and DNA-protein cross-links
(Van der Zee et al. 1987). The DNA damage is observable from 10 min onwards when
the cell viability starts to decrease as well (Figure 16). Unlike the above mentioned
studies, exposure of E. coli to ozone caused membrane permeability alteration.
glutathione deletion, and inhibition of a cytoplasmic enzyme prior to DNA damage as
indicated in our study.
The DNA damage produced in human cells by exposure to ozone has been
suggested to involve oxygen species (Van der Zee et al. 1987). Two explanations for this
DNA damage have been advanced. First it is possible that the damage is due to OH
radical formation. Hoigne and Bader, (1975) demonstrated that oxidation by ozone may
occur by a direct reaction between target molecules and ozone or via hydroxyl radicals as
oxidizing intermediates. Because of the high reactivity of OH or ozone and the resultant
inability to difliise significant distances within the cell (Halliwell and Gutteridge, 1989;
Pryor, 1992), this mechanism is only feasible if the oxidizing agents are generated very
close to the DNA. A second possiblity is that the metal ions might be released within the
cell as a result of oxidative stress, which then bind to the DNA (Halliwell and Aruoma,
1991). An alternative explanation of the ability of oxidative stress to cause DNA damage
is that it triggers off a series of metabolic events within the cell that lead to activation of
nuclease enzymes, which cleave the DNA backbone. There has been much debate lately
concerning the suggestion that oxidative stress causes rises in intracellular free Ca2+, which
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might fragment DNA by activating Ca2+-dependent endonucleases in a mechanism
resembling that of apoptosis ('programmed cell death'). Further studies on the damaging
effects of ozone on DNA is necessary.
Oxidative stress, imposed by a variety of mechanisms has been convincingly shown
to be mutagenic to bacteria. Ozone was also shown to be a mutagenic agent in E. coli
(Hamelin and Chung, 1974, 1975, 1978 and 1989) and S. cerevisiae (Dubeau and Chung,
1982). Data obtained by Dillon et al. (1992) in Salmonella show ozone to be a very weak
bacterial mutagen and then only when tested under narrowly prescribed, subtoxic dosing
conditions. Shepson et al. (1985) observed no mutagenicity or toxicity in ozone exposed
S. typhimurium though the dose they used was similar to that employed by Hamelin and
Chung (1989). Repair of ozone induced DNA lesions occurs in microorganisms (Song
and Chung, 1983; Hamelin and Chung, 1989). It was also reported that recA E. coli
mutants were more sensitive to ozone than their parental strain (L'Herault and Chung,
1984). They suggest that the RecA DNA repair system may be responsible for increased
resistance to ozone. In our studies we did not observe any difference in the survival ability
of wild type E. coli with respect to the RecA system compared to the mutant recA. Both
were equally susceptible to lipid oxidation of membrane components and total intracellular
protein damage. The damage to plasmid DNA also proceeded at the same rate in both
strains. To further ascertain the noninvolvement of RecA DNA repair system we tried to
induce the RecA protein in wild type E. coli. After 5 and 10 min ozone exposure there
was a decrease in the level of RecA protein present in the cells. The RecA protein is a
multifunctional enzyme and its essential role in homologous recombination is
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indispensable. The RecA protein has been purified (molecular weight, 38 kDa) and
although the RecA protein is not essential for cell viability, RecA mutants do show slower
growth than wild-type cells. This may be why we see a slower rate in the growth curves
of both unexposed and ozone-exposed RecA mutants (Figure 18). RecA may help to
repair spontaneous DNA damage or provide another function in normal DNA
metabohsm. There are about 1,000 RecA protein monomers in an exponentially growing
cell, a condition in which the recA gene is repressed. When DNA is damaged the RecA
protein becomes activated as much as 20-fold. The decrease in the amount of RecA
protein after ozone exposure compared to the unexposed sample clearly indicates that this
RecA repair system cannot play a significant role in the repair process.
Ozone aftects virtually all aspects of biological existence by reaction with and
modification of structural, metabolic, and genetic material. Our studies indicate a
sequential effect of ozone on the bacterial cell. Short-interval ozone exposure possibly
mimicking physiological effects, resulted in altered membrane permeability, inhibition of
enzymes with -SH groups at their active site, glutathione depletion, and loss of RecA
protein. In contrast, long-interval ozone exposure indicates a pathological state where the
cell exhibits aggravated damage at all levels, with eventual DNA damage and cell death.
Even though protective mechanisms have evolved to defend cell components from
oxidative damage, disease states, xenobiotics and other environmental stresses can
overwhelm defense mechanisms and cause cytotoxicity.
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